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Sir: 

I, HAROLD W, KROTO, declare and say as follows: 

1 . I am currently a Professor in the Department of Chemistry and Biochemistry at 
the Florida State University in Tallahassee, Florida. I am also the Royal Society Research 
Professor in the School of Chemistry and Molecular Sciences at the University of Sussex, 
Brighton, United Kingdom (one of only twenty such appointments in the United Kingdom). 
Further, I am a visiting Professor at UCSB. Moreover, I have been awarded over one dozen 
honorary degrees from various universities. In 1996, 1, along with Robert Curl and Richard 
Smalley, received the Nobel Prize in Chemistry for our discovery of fullerenes. Earlier that year, 
I was also awarded Knighthood for my contributions to chemistry. For the convenience of the 
United States Patent and Trademark Office, I have attached hereto as Exhibit 1 my curriculum 
vitae, which describe my credentials and demonstrate my expertise in the area of fullerenes. 
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2. I am intimately familiar with the literature concerning and was personally 
involved in the search for, Ceo and other fullerenes. I have written several articles on the subject, 
as evidenced by the publications listed in Exhibit 2, including the first definitive and only 
complete review on the subject in Kroto, et al., in Chemical Review 199L 91,1213 - 1235. I 
therefore believe that I am among the recognized experts on the subject of fullerenes. 

3. In preparing this Declaration, I have read and reviewed the subject patent 
application, i.e., USSN 08/236,933 in its entirety (" '933 application"), including the pending 
claims, which are directed to, among other things, a process for making Ceo and C70 in 
macroscopic amounts. I have been advised that there is a companion application, USSN 486,669 
(" '669 application"), on file in the United States Patent and Trademark Office. I have also been 
advised that, except for the claims, the disclosure in the '669 application is identical to that of the 
'933 application. It is my understanding that the claims in the '669 application are directed to, 
among other things, a process for making fullerenes in macroscopic amounts. I have also been 
advised of the pendency of two additional applications, namely USSN 580,246 (" '246 
application") and USSN 471,890 (" '890 application"). It is my understanding that the claims of 
the '246 application are directed to, among other things. Ceo and C70 in macroscopic amounts, 
while the claims of the '890 application are directed to, among other things, fullerenes in 
macroscopic amounts. It is my further understanding that, except for the claims, the respective 
disclosures are not only identical, but are also identical to the disclosure of the '933 application. 

I have been instructed to review the '933 application as one of ordinary skill in the art would 
read the application on August 30, 1990. 

4. It is my opinion that the term "macroscopic amounts", as used in the claims of 
the '933 application, was clearly understood by one of ordinary skill in the art in 1990 at the time 
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of the filing of the first apphcation in the lineage. It is my understanding that this term in the 
claims of the '933 application is used in its plain and ordinary meaning to connote that the 
process described therein produces fullerenes, including, for example, Ceo, in amounts, which 
can be seen easily with the naked eye. This is consistent with the definition of "macroscopic", as 
defined in the McGraw Hill Dictionary of Scientific Terms, 4^*" ed., p.l 125, 1989, where the term 
is defined as "large enough to be observed by the naked eye," and in Hackh's Chemical 
Dictionary, 4^^ ed., wherein it defines "macroscopic" as describing "objects visible to the naked 
eye." 

5. "Fullerenes", in my opinion, is a term of art that is also widely understood by the 
scientific community; it was adopted to conveniently describe the family of caged carbon 
molecules, as exemplified by Ceo- See , e.g. the section entitled "FuUerene" in the Concise 
Encyclopedia of Science and Technology, 3rd ed., Sybil P. Parker, ed., McGraw Hill, NY, NY, 
p.819 (1994), attached hereto as Exhibit 3. This section, which I prepared, defines fullerenes as 
an even number of carbon atoms arranged in a closed hollow cage, and specifically exemplifies 
fullerene-60 or Ceo, as a species of fullerenes. However, there are other species of fullerenes, 
and many of those can and have been prepared by the process described in the '933 application 
in macroscopic amounts. 

6. This Declaration supplements (and is not intended to replace) the previous 
Declarations, which were executed on July 27, 1995 and June 9, 1995, and November 16, 1999, 
the contents of all of which are incorporated herein by reference. 

7. I have been requested by applicants' attorney to supplement the Declarations 
identified in Paragraph 6. In particular, I have been asked to repeat the experiments as described 
in the '933 application and to describe in more detail, relative to the aforementioned 
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Declarations, the protocols used and the evidence obtained therefrom that show that fuUerenes, 
for example, Ceo and C70, are produced, in accordance with the teachings in the '933 application, 
in macroscopic amounts. 

8. In particular, I have been requested by applicants' attorney to prepare the 
fuUerenes in accordance with the procedure described in the '933 application at two different 
pressures, viz., at 100 torr and 2 atm pressure. 

9. I have repeated the experiments described in the '933 application several times 
prior to the most recent request by applicants' attorney, and as indicated in my earlier testimony, 
macroscopic amounts of Ceo and C70 and other fuUerenes have been produced in accordance with 
the procedure described therein. This testimony in this Declaration confirms my earlier 
testimony provided in the aforementioned Declarations. 

10. Initially, it is to be noted, that the bell jar apparatus, described in the '933 
application, is no longer being utilized today; thus the apparatus for preparing fuUerenes had to 
be set up, in accordance with the teachings in the '933 application, before experiments in this 
endeavor were commenced. 

1 1 . Moreover, I no longer am conducting research in the fullerene area. In particular, 
my laboratory is no longer equipped to produce fuUerenes. 

12. I so advised applicants' counsel, and it was agreed that I would coordinate the 
performance of the requested experiments by colleagues of mine. 

13. I instructed Mauricio Terrones in Mexico ("Dr. Terrones") to prepare the soot in 
accordance with the procedure described in the '933 application and especially Example 1 in the 
'933 application. 
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14. Dr, Terrones set up the bell jar apparatus as described in the '933 application for 
the vaporization of the graphite rods. It is my understanding that this bell jar apparatus used by 
Dr. Terrones was identical in every way to the bell jar apparatus described in the '933 
application. However, it had one constraint. The vaporization to form the soot could only be 
conducted for at most about 2 minutes per run at 100 torr. Moreover, to conduct the vaporization 
at the higher pressure, i.e., 2 atm, the bell jar apparatus was modified by replacing the glass cover 
with an aluminum cover, which was adopted with stoppers and bolts/nuts to keep the aluminum 
cover in place (hereinafter this modified bell jar apparatus will be referred to as an "aluminum 
reactor"). This aluminum reactor was equivalent to the bell jar apparatus described in the '933 
application. However, this aluminum reactor also had the same constraints, as the bell jar 
apparatus described above, except that vaporization conducted at 2 atm was performed in two to 
three segments, each no longer than about 25 seconds at a time. 

15. Dr. Terrones conducted the experiments to produce the soot in accordance with 
the procedure described in the '933 application, and especially Examples 1 and 2, thereof, at two 
different pressures, one at 2 atm and the other at 1 00 torr, using a current of about 1 00 amps. Dr. 
Terrones vaporized graphite rods of !4 inch in diameter, with a one-centimeter length of the tip of 
each rod being reduced in diameter to about 5 millimeters, at 100 torr and 2 atm, following the 
procedure described in the '933 application. 

16. In accordance with the procedure described in the '933 appUcation, Dr. Terrones 
collected 1 gram of soot at the lower pressure by performing several runs at the lower pressure; 
about 1 00 mg. of soot, on average, was obtained from each run. 

1 7. In an effort to meet the time schedule imposed by the United States Patent and 
Trademark Office described above, Dr. Terrones did not attempt to collect one gram of soot at 
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the higher pressure, but instead chose to separate the follerenes that were produced from a run 
conducted at 2 atm. 

18. To economize the time, and to meet the deadline imposed by the United States 
Patent Office, I did not have Dr. Terrones separate the fuUerenes from the soot. I decided to 
have the soot produced by Dr. Terrones at the lower pressure forwarded to my colleague. 
Professor Adam Darwish, at Sussex University, for the separation of ftiUerenes from the soot. In 
this way, there would be a minimum loss of time, as Dr. Darwish would be isolating fullerenes 
from the soot, while Dr. Terrones was effecting the vaporization of graphite at the higher 
pressure. 

19. Dr. Darwish utilized standard chemical techniques to separate the Ceo? C70 and the 
other fullerenes from the soot, described in the '933 application and/or known and routine to one 
of ordinary skill in the art in September 1990. Specifically, Dr. Darwish used soxhlet extraction 
and preparative HPLC, which are techniques which were known and routine to one of ordinary 
skill in the art in September 1990. 

20. From the Ig sample of soot produced at 100 torr, Dr. Darwish collected 65 mg of 
Ceo, crystals, 15 mg of C70 and 1-5 mg of the higher fiillerenes (i.e., fiiUerenes other than Ceo and 
C70 ). Mass spectra data confirmed the products produced. The Ceo, C705 and the total amount of 
the higher ftiUerenes obtained from the soot produced from the vaporization of graphite at 1 00 
torr, in accordance with the procedure described in the '933 application were produced in 
macroscopic amounts. 

21 . Attached hereto as Exhibit 4 is evidence of the Ceo produced at the lower pressure 
from the vaporization of graphite in the bell jar apparatus at the lower pressure, produced in 
accordance with the procedure described in the '933 application. Exhibit 4(a) is the mass 
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spectrum of the Ceo, which verifies that the product is Ceo. Moreover, the clean spectra as well 
as the HPLC tracing in Exhibit 4(b) show that the Ceo produced is relatively pure. Exhibit 4(c) is 
a photograph of a sample of Ceo dissolved in toluene, and Exhibit 4(d) is a photograph of the 
crystals of Ceo produced at the lower pressure after evaporation of the toluene. As shown in 
Exhibit 4(d), the Cso produced at the lower pressure was present in macroscopic amounts. In 
fact, 65 mg of the Ceo product, which was isolated from the soot produced from the vaporization 
of graphite at 100 torr, can easily be seen with the naked eye. 

22. Attached hereto as Exhibit 5 is evidence of the C70 isolated from the soot at the 
lower pressure from the vaporization of graphite, produced in accordance with the procedure 
described in the '933 application. Exhibit 5(a) is the mass spectrum of the C70 isolated from the 
soot produced from the graphite at 1 00 torr, confirming that the product produced is C70. 
Moreover, the mass spectrum as well as the HPLC tracing in Exhibit 5(b) show that the C70 
produced is relatively pure. Exhibit 5(c) is a photograph of a sample of C70 dissolved in toluene 
and Exhibit 5(d) is a photograph of a sample of the crystals of C70 produced at the lower pressure 
after evaporation of toluene. As shown by Exhibit 5(d), the C70 produced at the lower pressure 
was present in macroscopic amounts. In fact, 15 mg of product, which is the amount of C70 
produced from the soot produced from the vaporization of graphite at 1 00 torr, can easily be seen 
with the naked eye. 

23. The amount of the higher fuUerenes (i.e. fiillerenes other than Ceo and C70) 
collected in total from the soot prepared from the vaporization of graphite at the lower pressure, 
in accordance with the procedure described in the '933 application, was also produced in 
macroscopic amounts; 7 mg of the higher fiillerenes, which were collected from the soot 
produced from the vaporization of graphite at 1 00 torr, also can be seen with the naked eye. 
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From the data, the following fbllerenes were also isolated from the vaporization at the lower 
pressure, the identities of which were confirmed by mass spectra: C70O, C76, C78, C^a, Cge, and 
C90. 

24. Reference is made to Exhibit 6. The upper portion depicts photographs of 
samples of each of the fiillerenes discussed in the previous paragraph dissolved in toluene 
together with photographs of the crystals formed from evaporation of exactly the half volume of 
the toluene solution obtained, except for C^s^ where all the toluene solution was evaporated to 
drjoiess, while the lower photographs show crystals of each of the fuUerenes discussed in 
Paragraph 24 obtained from the evaporation of toluene. As evidenced by the photographs of the 
crystals of each of these fuUerene products identified in the previous paragraphs, these crystals 
were seen with the naked eye. 

25. Dr. Darwish also separated Ceo, C70 and higher fiillerenes from the 100-mg. 
sample produced by Professor Terrones when the vaporization was conducted at the higher 
pressure of 2 atm, using a current of 100 amps, following the procedure described in the '933 
application. The discussion in paragraphs 27-3 1 relates to the results of this experiment. 

26. From the 100 mg sample produced at 2 atm and 100 amps, Dr. Darwish obtained 
9 mg or 9% yield of ftiUerenes. He isolated 5.0 mg of Ceo crystals, 1 .5 mg of C70 crystals and 1.0 
mg of higher fuUerenes from the soot. 

27. The mass spectrum of the Ceo sample produced at 2 atm is depicted in Exhibit 7, 
confirming that Ceo was produced and was relatively pure. A sample was dissolved in toluene, 
and when the toluene was evaporated, Ceo crystals were collected. Exhibit 7 also includes a 
photograph of the Ceo dissolved in the toluene solution and a photograph of the Ceo crystals 
obtained from the evaporation of toluene. Thus, as shown by the photograph of the Ceo crystals 
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in Exhibit 7, Ceo was isolated in macroscopic amounts from the 1 00 mg sample of soot produced 
by Dr. Terrones from the vaporization of graphite at the higher pressure, prepared in accordance 
with the procedure described in the '933 application. 

28. The mass spectrum of the C70 sample produced at 2 atm is depicted in Exhibit 8, 
confirming that the C70 that was produced was relatively pure. A sample of the C70 was 
dissolved in toluene and when the toluene was evaporated, C70 crystals were produced. Figure 8 
also includes a photograph of a sample of C70 solution in toluene and a photograph of the C70 
crystals produced after evaporation of the toluene. Thus, as shown by the photograph in Exhibit 
8, the C70 crystals can be seen with the naked eye. Thus, C70 was isolated in macroscopic 
amounts from the 100 mg sample of soot produced from the vaporization of graphite at 2 atm, 
prepared in accordance with the procedure described in the '933 application. 

29. Besides C^o and C70, higher fullerenes ("HFs") were produced. In fact, the mass 
spectrum provides evidence that higher fixllerenes up to C104 were produced at the higher 
pressure. A copy of the mass spectrum is attached hereto as Exhibit 9. A sample of the higher 
fiillerenes, obtained from the 100 mg sample of soot that was obtained from the vaporization of 
soot at 2 atm, was dissolved in toluene and when the toluene was evaporated, crystals of the 
higher fullerenes were produced. Exhibit 9 also includes a photograph of a sample of the higher 
fullerenes dissolved in toluene and a photograph of the solid crystals that were formed after 
evaporation of the solvent. The photograph shows crystals of higher fiillerenes that can be seen 
with the naked eye. Thus, macroscopic amounts of the higher fiillerenes were obtained from the 
vaporization of graphite at 2 atm, prepared in accordance with the procedure described in the 
'933 application. 
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30. Exhibit 10 depicts the photographs of Ceo, C70 and the higher fiillerenes in 
solution in toluene that were isolated from the 100 mg sample of soot produced from the 
vaporization of graphite at 2 atm pressure, prepared in accordance with the procedure described 
in the '933 application and the photographs of crystals of Ceo, C70 and the higher fuUerenes that 
were obtained after evaporation of the toluene. Inasmuch as the crystals of Ceo, C-jo, and the 
higher fiillerenes were visible, as evidenced by the photographs in Exhibit 10, the Ceo, C70 and 
higher fiillerenes were produced in macroscopic amounts from the vaporization of graphite at the 
higher pressure, prepared in accordance with the procedure described in the '933 application. 

31. It is observed that the bell jar apparatus and the aluminum reactor were both 
limited by the constraint that only permitted the vaporization to be conducted for a limited time 
before the vaporization had to be stopped. Nevertheless, even with this constraint, in the present 
circumstances, the process described in the '933 application produced macroscopic amounts of 
C60s C70 and higher fiillerenes when the process was conducted at both the lower pressures of 100 
torr and at the higher pressure of 2 atm. 

32. As shown by the data produced by the experiments conducted in accordance with 
the process described in the '933 application, as described herein. Ceo and C70 and other 
fiillerenes produced were obtained in amounts that could be seen with the naked eye. The Ceo, 
C70 and the higher fiillerenes were produced in macroscopic amounts. See Exhibits 4-10. 

33. Thus, by following the procedure described in the '933 application, the evidence 
provided herein shows that the process described in the application produces several species of 
fiillerenes, including Ceo, C70 and higher fiillerenes in macroscopic amounts, both at the lower 
pressure, i.e., 100 torr, and at the higher pressure, 2 atm. 
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34. Moreover, the results described hereinabove show that a high yield of fullerenes 
is recovered from the soot prepared in accordance with the procedure described in the '933 
application; approximately 10% of the soot was comprised of fullerenes. This is still among the 
highest yield of fullerenes obtained from soot to date. From the mass spectrum, it is evident that 
fullerenes other than those characterized herein were present in the soot, macroscopic amounts of 
these other fullerenes may be isolated if additional runs were performed. 

35. The soot was prepared by Dr. Terrones merely following the procedure described 
in the '933 application, especially Examples 1 and 2; there was no undue amount of 
experimentation in the preparation thereof Further, the separation of macroscopic amounts of 
fullerenes including Ceo and C70 from the soot was routine to one of ordinary skill in the art on 
August 30, 1990. Thus, the process described in the '933 apphcation is sufficiently detailed for 
the skilled artisan on August 30, 1990 to prepare macroscopic amounts of Ceo and C705 without 
undue experimentation. 

36. The realization by Huffman and Kratschmer of macroscopic quantities of 
fullerene, e.g.. Ceo and C70 and the isolation and characterization of same, e.g., Ceo and C70 by the 
methods described in the '933 application are recognized by the knowledgeable scientific 
community as a long awaited and much needed breakthrough; it was surprising that relatively 
high yields of fullerenes, such as Ceo, could be achieved by these methods. The difficulties that 
existed in the quest for Ceo are well elaborated in the article entitled "Fullerenes" by Robert F. 
Curl and Richard E. Smalley, printed in Scientific American . Oct. 1991, pp. 54-62 attached 
hereto as Exhibit 1 1 . 

37. Although the discovery described in the Hufftnan and Kratschmer application 
may seem simplistic to the xminformed, especially in hindsight, their discovery was quite 
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remarkable. The Kratschmer and Huffman method described in the '933 application is all the 
more remarkable for the fact that so simple a procedure so readily produces large amounts of 
fuUerenes. This is readily appreciated if one considers the historical perspective. Even since the 
detection of Ceo by the collaborative efforts of the Smalley and Kroto groups in 1985, as 
described in the article in Nature , 1985 , 318, 162-163, attached hereto as Exhibit 12, experts, 
such as Drs. Smalley and myself, both together and separately worked to prepare fullerenes on a 
larger scale. For five long years, many attempts were tried, but each was unsuccessful. Finally, 
to my expert knowledge, one group, Huffhian and Kratschmer, was the first to find and publish a 
methodology capable of producing and isolating fullerenes, such as Ceo, in macroscopic 
amounts. This methodology is described in the '933 application and satisfied a long felt need in 
this area. 

38. The scientific community has unanimously and unequivocally acknowledged and 
recognized that Kratschmer and Huffinan were the first to have developed a process for 
preparing and isolating fullerenes, e.g., C^o, in macroscopic amounts, and were the first to isolate 
the fullerenes, e.g., Ceo, in macroscopic amounts and in consequence thereof has presented them 
with several awards. Even the press release by the Royal Swedish Academy of Sciences 
regarding the Nobel Prize in Chemistry in 1996, attached hereto as Exhibit 13, recognized the 
contribution of Huf&nan and Kratschmer by acknowledging that these two scientists for the first 
time produced "isolable quanfities of Ceo". (See Page 2 of Exhibit 13). As stated in the press 
release: 

[t]hey obtained a mixture of Ceo and C70 the 
structures of which could be determined... The way was thus open 
for studying the chemical properties of Ceo and other carbon 
clusters such as C705 C76, Cyg and C84...An entirely new branch of 
chemistry developed with consequences in such diverse areas as 
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astrochemistry, superconductivity and materials 
chemi s try/physics . 

39. Thus, in my opinion, the '933 application describes a process for preparing 
fuUerenes, including Ceo, in macroscopic amounts and the process described therein provides 
sufficient detail for an ordinary skilled artisan in August 1990 to make the same in the absence of 
undue amount of experimentation. 

40. I further declare that all statements made herein of my own knowledge are true 
and that all statements made on information and belief are believed to be true and further that 
these statements were made with the knowledge that willful false statements and the like so 
made are punishable by fine or imprisonment or both under Section 1001 of Title 18 of the 
United States Code and that such willful false statements may jeopardize the validity of the 
application or any patent issued thereon. 
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Part A 


CURRICULUM VITAE 
Professor Sir Harold Kroto FRS 


Bom 1939 Wisbech Cambridgeshire, educated Bolton School. BSc (Rrst dass honours degree 
Chemistry. 1961) and a PhD (Molecular Spectroscopy, 1964) University of Sheffield. Postdoctoral 
work at the National Research Council (Ottawa, Canada 1964-66) and Bell Telephone Laboratories 
(Munnay Hill, NJ USA 1966-67); Tutorial Fellow 1967, lecturer 1968, Reader 1977University of Sussex 
(Brighton) in 1967. He became a professor in 1985 and a Royal Society Research Professor in 1991. 
In 1996 he was knighted for his contributions to chemistry and later that year, together with Robert Curl 
and Richard Smalley (of Rice University, Houston, Texas), received the Nobel Prize for Chemistry for 
the discovery of C50 Buckminsterfullerene a new form of carbon. 

Research fields cover several major topics: 

1) (1961-1970) Electronic spectroscopy of free radicals and unstable intermediates in the gas 
phase, ii) Raman spectroscopy of intermolecular interactions in the liquid phase and ill) 
Theoretical studies of electronic properties ground and excited states of small molecules and 
free radicals. 

2) (1970-1980) Research focused on the creation of new molecules with multiple bonds between 
cartx)n and elements, mainly of the second and third row of the Periodic Table (S, Se and P), 
which were reluctant to form such a link. These studies showed that many of these previously 
assumed impossible species could be produced, studied by spectroscopy and used as 
valuable synthons leading to a wide dass of new phosphoois containing compounds. In 
particular the spectroscopic studies of rrnjlecules with carbon-phosphorus multiple bonds (C=P 
and CsP) were the pioneering studies that initiated the now prolific field of 
Phosphaalkene/alkyne Chemistry. 

3) (1975-1980) Laboratory and radioastronomy studies on long linear carbon chain molecules 
(the cyanopolyynes) led to the surprising discovery (by radioastronomy) that they existed in 
interstellar space and also in stars. Since these first observations the carbon chains have 
become a major area of modern research by molecular spectroscopists and astronomers 
interested in the chemistry of space. ^ 

4) (1985-1990) The revelation (1975-1980) that long chain molecules existed in space could not 
be explained by the then accepted ideas on interstellar chemistry and it was during attempts to 
rationalise their abundance that Cqq Buckminsterfullerene was discovered. Lal>oratory 
experiments at Rice University, which simulated the chemical reactions in the atmospheres of 
red giant cart)on stars, serendipitously revealed the fact that the Cgo molecule could self- 
assemble. This ability to self-assemble has completely changed our perspective on the 
nanoscale behaviour of graphite in particular and sheet materials in general. The molecule 
was subsequently isolated independently at Sussex and structurally characterised. 

5) (1990-) Present research focuses on Fullerene chemistry and the nanoscale structure of new 
materials, in particular nanbtubes. This has led to a wide range of new nanostructured 
materials the first insulated nanowires and new perspectives on the mechanism of nanotube 
formation. 

Key collat)orations: With D R M Walton (Sussex), T Oka, L Avery, N Broten and J MacLeod (NRC 
Ottawa) on carbon chain molecules In the laboratory and space; J F Nixon on phosphaalkene/alkyne 
chemistry (at Sussex); with J P Hare, P R Biricett, A Danvish, M Tenones, W K Hsu, N Grobert, Y Q 
Zhu, R Taylor and D R M Walton on Fullerene chemistry and nanostructures (at Sussex); with R F Curi, 
J R Heath, S C O'Brien, Y Liu and R E Smalley (at Rice University Texas) on the discovery of 
Buckminsterfullerene. 

Education: Chairman of the board of the Vega Science Trust which is produces science programmes 
for network television. 75 have been made and so far 55 have been broadcast on the BBC Learning 
Zone educational slot. Member of National Advisory Committee on Cultural and Creative Education. 

Scientific Awards etc: Tilden Lectureship of the RSC (1981); international Prize for New Materials by 
the American Physical Society (shared 1992 with Robert Curi and Richard Smalley); Italgas Prize for 
Innovation in Chemistry (1992); Royal Sodety of Chemistry Longstaff Medal (1993); Hewlett Packard 
Europhysics Prize (shared with Wdfgang Kraetschmer, Don Huffman and Richarxi Smalley 1994); 
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Nobel Prize for Chemistry in 1996 (shared with Robert Curl and Richard Smalley); American Carbon 
Society Medal for Achievenf^nt in Cart>on Science (shared with Robert Curl and Richard Smalley1997); 
Blackett Lecturship 1999 (Royal Society); Faraday Award and Lecture 2001 (Royal Society). Dalton 
Medal 1998 (Manchester Lit and Phil). Erasmus Medal of Academia Europaea, loannes Marcus Marci 
Medal 2000 (Prague) for contributions to molecular spectroscopy. 

Fellowships etc: Fellow of the Royal Society (1990), Fellow of the Royal Society of Chemistry; 
President of the Royal Society of Chemistry (2002-2004), Mexican Academy of Science; Member 
Academia Europaea (1993); Hon. Foreign Member Korean Academy of Science and Technology 
(KAST) (1997); Hon. Fellow of the Royal Microscopical Society (1998); Hon. Fellow of the Royal 
Society of Edinburgh (1998); Hon Fellow of the RSC (2000). 

Honorary degrees: University Libre (Bruxelles). Stockholm (Sweden), Limburg (Belgium), Sheffield. 
Kingston. Sussex, Helsinki (Finland), Nottingham, Yokohama City (Japan), Sheffield-Hallam, 
Aberdeen, Leicester, Aveiro (Portugal), Bielefeld Germany), Hull, Manchester Metropolitan, Exeter, 
Hong Kong City (China). Gustavus Adolphus College (Minnesota. USA), University College London, 
Patras (Greece), Halifax (NovaScotia, Canada), Strathdyde; Hon Fellowship: Bolton Institute. 

Graphic design work has resulted in numerous posters, letterheads, logos, book/journal covers, 
medal design etc. AwanJs: Sunday Times Book Jacket Design competition (1964) and more 
recently the Meet Hennessy/Louis Vuitton Science pour I'Art Prize (1994). Citation in the 
international design annual "Modem Publicity" (1979) for the cover of "Chemistry at Sussex" 

TV/Internet Science Programmes: Prix Leonardo Bronze Medal (2001); Chemical Industries 
Association (Presidents prize short Iist1998 and 1999) 
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General Information 



C.V. Part B 


Harry Kroto's Curriculum Vitae 

Part B - Harry's main research intrests and research 

highlights 

Main research areas: 

I Spectroscopy of Unstable Species and Reaction Intermediates 
(Infrared, Photoelectron, Microwave and Mass Spectrometry) 

II Astrophysics (Interstellar Molecules and Circumstellar Dust) 

III Cluster Science (Carbon and Metal Clusters, MIcroparticles, 
fsianofibres) 

IV Fullerene Chemistry, Nanoscience and Nanotechnology 

Research Highlights (Ref Nos - Key Refs List) 

a) First detection of state of a polyatomic free radical (NCN by flash 
photolysis) [3,4] 

b) Theoretical studies of ground and electronically excited sates of small 
molecules [5,6] 

c) Detection of liquid phase intermolecular interactions using Raman 
Spectroscopy [ 7-10] 

d) Breakthrough in the detection of new unstable species (thioaldehydes, 
thiocarbonyls thioborines) using combination of microwave and 
photoelectron spectroscopy techniques [12,15,18-22,31,80] 

e) Synthesis in 1976 of the first phoaphaalkenes (compounds containing 
the free carbon phosphorus double bond) in particular CH2=PH (with 
N P C Simmons and J F Nixon, Sussex), [28, 80] 

f) Monograph ''Molecular Rotation Spectra" [23] 

g) Synthesis in 1976 of the first analogues of HCP, the phosphaalkynes 
which contain the carbon phoshorus triple bond - in particular CH3CP 
(with N P C Simmons and 3 F Nixon, Sussex), [29,80] 

h) The discovery (1976-8) of the cyanopolyynes, HCnN (n=5,7,9), in 
Interstellar space (with D R M Walton A J Alexander and C Kirby 
(Sussex) and T Oka, L W Avery, N W Broten and J M MacLeod (NRC 
Ottawa)), Ref 4-6, based on microwave measurements made at 
Sussex, [27,30,35,80] 

i) The discovery of C60: Buckminsterfullerene in 1985 (with J R Heath, S 
C O'Brien, R F Curl and R E Smalley), [100,112,139,239] 

j) The detection of endohedral metallofullerene complexes (with J R 
Heath, S C O'Brien, Q Zhang, Y Liu, R F Curl, F K Tittel and R E 
Smalley), [101,139] 
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k) The prediction that C60 shouid be produced in combustion processes 
and might indicate how soot is formed (with Q L Zhang, S C O'Brien, J 
R Heath, Y Liu, R F Curl and R E Smalley) [103,139] 

I) The explanation of why C70 is the second stable fullerene (after C60) 
and the discovery of the Pentagon Isolation Rule as a criterion for 
fullerene stability in general [107,112,139,239] 

m) The prediction of the tetrahedral structure of C28 and the possible 
stability of "tetravalent" derivatives such as C28H4 [107,112,139,239] 

n) The prediction that giant fullerenes have quasi-icosahedral shapes and 
the detailed structure of concentric shell graphite microparticles (with 
K G McKay), [111,112,139,239] 

o) The mass spectrometric identification and solvent extraction (with J P 
Hare and A Abdul-Sada) of C60 from arc processed carbon in 1990 - 
independently from and simultaneously with the Heidelberg/Tucson 
group; Refs [121,239] 

p) The chromatographic separation/purification of C60 and C70 and 13C 
NMR measurements which provided unequivocal proof that these 
species had fullerene cage structures (with J P Hare and R Taylor, 
Sussex), Refs [121,139,239] 

q) Crystal structure of C60 [135,138] 

r) Main Fullerene chemistry breakthroughs: C60(ferrocene)2 [162], 
characterisation of C60Hal6 [174,149], C50(P4)2 [187], [192] 

s) Nanoscience and Nanotechnology advances: Condensed phase 
nanotubes [205], nanoscale BN structures [224], partly aligned- 
nanotube bundles [233], nanotube formation mechanisms [161,238], 
silicon oxide nanostructures [247], Si surface-deposited fullererene 
studies [251], insulated carbon nanotube conductors [297] 

NB General review refs underlined 
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General Information 



Publication List 


Publications: 1963 To 2002 


As the publication list Is large It has been broken down chronologically into four 

parts 

The first part 1963 - 1984, Is contained on this page, If however you are looking for 
information on other years please click one of the following links: 

Years: 1 963 - 1 984 1 985 - 1 993 1 994 - 2000 2001 - 2002 


1 R N Dixon and H W Kroto. 'High resolution study of the spectrum of the CBr radical', 
Trans Faraday Soc, 59. 1484-1489 (1963). 

2 R N Dixon and H W Kroto, The electronic spectrum of nitrosomethane. CH3N0\ L L 
Proc. Roy. Soc, 283, 423-432 (1965). 

3 H W Kroto, 'Singlet and triplet states of NCN in the flash photolysis of cyanogen 
azide'.L J. Chem. Phys.. 44, 831-832 (1966). 

4 H W Kroto, TheG 1 u ^1 gU electronic spectrum of NCN', Can. J. Phys., 45, 1439- 
1450 (1967). 

5 H W Kroto and D P Santry, 'CNDO molecular-orbital theory of molecular structure. I. 
The virtual-orbital approximation to excited states'. J. Chem. Phys., 47, 792-797 (1967). 

6 H W Kroto and D P Santry, 'Semiempirical molecular-orbital spectra! II. L 
Approximate open-shell theory', J. Chem. Phys., 47. 2736-2743 (1967). 

7 H W Kroto and Y-H Pao, 'Effect of intermolecular interactions on line shapes and 
depolarization factors of highly polarized Raman lines', J. Optical Society of America, 58, 
479-483 (1968). 

8 H J Clase and H W Kroto. The effect of intermolecular interactions on the isotope 
structures of the Raman bands of CHCI3 . CCI3F andL CCI3CN', Mol. Phys.. 15. 167-172 
(1968). 

9 PR Carey, H W Kroto and M A Turpin. "Chlorine isotope effects on the 19F resonance 
of CCI3F and the use of this signal as a reference in high-resolution nuclear magnetic 
resonance', Chem. Comm., 1188 (1969). 

10 H W Kroto and J J C Teixeira-Diaz, 'Theory of the effect of intermolecular interactions 
on the Raman spectra of liquid CHCI3L and CFCI3 Mol. Phys., 16. 773-782 (1970). 

11 H W Kroto, T F Morgan and H H Sheena. 'Flash photolysis of cyanogen azide. NCN3', 
Trans. Faraday Soc, 66, 2237-2243 (1970). 

12 G H King, H W Kroto and R J Suffolk, The photo-electron spectrum of a short-lived 
species in the decomposition products of CS2', Chem. Phys. Letts., 13, 457-458 (1972). 
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13 J P Jesson, H W Kroto and D A Ramsay, 'Quasiplanarity of pyridine in its first excited 
singlet state', J. Chem. Phys., 56, 6257-6258 (1972). 

14 H W Kroto and J J C Teixeira-Dias. The effects Of intermolecular interactions in the 
Raman spectrum of liquid CS2', Spectrochim. Acta., 28A. 1497-1502 (1972). 

15 H W Kroto and R J Suffolk, The photoelectron spectrum of an unstable species in the 
pyrolysis products of dimethyldisulphide', Chem. Phys. Letts., 15, 545-548 (1972). 

16 C C Costain and H W Kroto, 'Microwave spectrum, structure and dipole moment of 
cyanogen azide. NCN3\ Can. J. Phys., 50, 1453-1457 (1972). 

17 A J Careless, M C Green and H W Kroto, The microwave spectmm of trimethylsilyl 
isocyanate (CH3)3SiNCO\ Chem. Phys. Letts., 16, 414-418 (1972). 

18 H W Kroto and R J Suffolk, The photoelectron spectrum of F2CS and fluorine 
substitution shifts'. Chem. Phys. Letts., 17, 213-216 (1972). 

19 A J Careless, H W Kroto and B M Landsberg. The microwave spectrum, structure and 
dipoie moment of thiocarbonyl fluoride, F2CS', Chem. Phys., 1, 371-375 (1973). 

20 H W Kroto, R J Suffolk and N P C Westwood, The photo-electron spectrum of 
thioborine, HBS', Chem. Phys, Letts., 22, 495-498 (1973). 

21 K Georgiou, H W Kroto and B M Landsberg, 'Microwave spectrum of thioketene, 
H2C=C=:S', Chem. Commun., p739-740 (1974). 

22 H W Kroto. B M Landsberg, R J Suffolk and A Vodden, The photoelectron and 
microwave spectra of the unstable species thioacetaldehyde, CH3CHS, and thioacetone, 
(CH3)2CS'. Chem. Phys. Letts., 29, 265-269 (1974). 

23 H W Kroto, 'Molecular Rotation Spectra', (monograph, pp311) John Wiley, London 
(1975). 

24 A J Careless and H W Kroto, 'Rotational transitions in degenerate vibrational states of 
C3v symmetric top molecules with application to CH3CN',J. Mol. Spectrosc, 57, 189-197 
(1975). 

25 A J Careless and H W Kroto, 'Analysis of the microwave rotation spectrum of silyl 
cyanide, SiH3CN in its ground and vibrationally excited states', J. Mol. Spectrosc, 57, 198- 
214(1975). 

26 H W Kroto, M F Lappert, M Maier, J B Pedley, M Vidal and M F Guest, 'The Hel 
photoelectron spectra of mixed boron trihalides and the microwave spectrum of BCIF2\ 
Chem, Commun., 810-812 (1975). 

27 L W Avery, N W Broten, J M MacLeod, T Oka and H W Kroto, 'Detection of the heavy 
interstellar molecule cyanodiacetylene'. Astrophys. J., 205, LI 73-1 75 (1976). 

28 M J Hopkinson. H W Kroto, J F Nixon and N P C Simmons, The detection of unstable 
molecules by microwave spectroscopy:.:, phospha-alkenes CF2=PH, CH2=PCI and 
CH2=PH\ J.C.S. Chem. Comm., 513-515 (1976). 

29 M J Hopkinson, H W Kroto, J F Nixon and N P C Simmons, The detection of the 
reactive molecule 1 -phosphapropyne, CH3CL P, by microwave spectroscopy', Chem. Phys. 
Letts.. 42, 460-461 (1976). 
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30 A J Alexander, H W Kroto and D R M Walton, The microwave spectrum, substitution 
structure and dipoie moment of cyanobutadiyne. HC5N', J. Mol. Spectrosc, 62, 175-180 

(1 976) . 

31 H W Kroto and B M Landsberg, The Microwave Spectrum, Substitution Structure, 
Internal Rotation Barrier and Dipoie Moment of Thioacetaldehyde, CH3CHS'. J. Mol. 
Spectrosc, 62. 346-363 (1 976). 

32 H W Kroto and M Maier, The Microwave Spectrum, Structure and Quadrupole 
Coupling Constants of Boronchloridedifluoride. BCiF2', J. Mol. Spectrosc, 65. 280-288 

(1977) . 

33 D C Frost. H W Kroto, C A McDowell and N P C Westwood, The Hel Photoelectron 
Spectra of the Isoelectronic Molecules. Cyanogenazide NCN3 and Cyanogen isocyanate 
NCNCO\ J. Electron Spectrosc, L 11, 147-156 (1977). 

34 J N Murrell. H W Kroto and M F Guest, 'Double-bonded divalent silicon'. J.C.S. Chem. 
Comm., 619-620(1977). 

35 H W Kroto, C Kirby, D R M Walton, L W Avery, N W Broten. J M MacLeod and T Oka. 
The Detection of Cyanohexatriyne, HC7N, in Heiles' Cloud 2', Astrophysics J., 219, L133- 
L1 37 (1978). 

36 H W Kroto. J N Murrell, A Al-Derzi and M F Guest. 'Calculated Structures and 
Microwave Frequencies of HNSi and HSiN. Astrophysical J.. 219. 886-890 (1978). 

37 C Kirby and H W Kroto, 'Microwave and Photoelectron Study of cis- and trans- 
Isocyanatoethene CH2=CHNC0 (vinylisocyanate)'. J. Mol. Spectrosc. 70. 216-228 (1978). 

38 M Hutchinson and H W Kroto. The Microwave Spectrum, Structure and Barrier to 
Internal Rotation of Selenoacetaldehyde, CH3CHSe', J. Mol. Spectrosc, 70, 347-356 

(1 978) . 

39 H W Kroto, J F Nixon. N P C Simmons and N P C Westwood. 'FCLP. 1- 
Fluorophosphaethyne: Preparation and Detection by Photoelectron and Microwave 
Spectroscopy'. J. Am. Chem. Soc. 100, 446-448 (1978). 

40 A J Alexander. H W Kroto. M Maier and D R M Walton. 'The Microwave Spectra of 
Symmetric Top Polyacetylenes: 1,3.5-Heptatriyne CH3C6H and 1-Cyano-2,4-Pentadiyne 
CH3C4CN'. J. Mol. Spectrosc. 70. 84-90 (1978). 

41 C Kirby, H W Kroto and N P C Westwood, The Detection of Chlorothioborine, CIBS, a 
New Unstable Triatomic Molecule by Photoelectron and Microwave Spectroscopy', J. Am. 
Chem. Soc. 100, 3766-3768 (1978). 

42 C Kirby. H W Kroto and M J Taylor. 'The Detection of the New Reactive Molecule 
Methyl(sulphido)boron CH3BS, by Microwave Spectroscopy', J.C.S. Chem. Comm., 19-20 
(1978). 

43 N W Broten. T Oka. L W Avery. J M MacLeod and H W Kroto, 'The Detection of HC9N 
in Interstellar Space*. Astrophys. J., 223, L1 05-1 07 (1978). 

44 H W Kroto. 'Chemistry between the Stars', New Scientist 79. 400-403 (1 978); [No.1 1 1 5. 
10 Aug.]. 

45 K Georgiou. B M Landsberg and H W Kroto, The Microwave Spectrum Structure and 
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Dipole Moment of Thioketene CH2=C=S'. J. Mol. Spectrosc, 77, 365-373 (1979). 

46 N P C Westwood, H W Kroto, J F Nixon and N P C Simmons. "Formation of 1- 
Phosphapropyne CH3CP by Pyrolysis of Ethyl Dichlorophosphine: a He(l) Photoelectron 
Spectroscopic Study', J.C.S. Dalton, 1405-1408 (1979). 

47 H W Kroto. J F Nixon and N P C Simmons, The Microwave Spectrum of 1- 
Phosphapropyne. CH3CLP: Molecular Structure, Dipole Moment and Vibration Rotation 
Analysis", J. Mol. Spectrosc, 77, 270-285 (1979), 

48 H E Hosseini, J F Nixon. H W Kroto, S Brownstein, J R Morton and K F Preston. 'C 19F 
and 31 P NMR characterisation of Phospha-alkene and Phbspha-alkyne Intermediates In the 
Hydrolysis of Perfluoroalkyl-phosphines', J.C.S. Chem. Comm., 653-654 (1979). 

49 H E Hosseini, H W Kroto, J F Nixon, O Ohashi, ' 19F and 31 P NMR Characterisation of 
the Phosphaalkene CF3P=CF2, Intermediates in the alkaline hydrolysis of Bis 
(trifluoromethyl) phosphine', J. Organometallic Chem.. 181. C1-C3 (1979). 

50 H W Kroto, The Detection of Unstable Species using Microwave, Photoelectron and 
Radioastronomy Techniques', 14th International Symposium on Free Radicals, Sanda, 
Japan.. 147-156(1979). 

51 T Cooper, H W Kroto. J F Nixon and O Ohashi, The Detection of C- 
Cyanophosphaethyne NCCP, by Microwave Spectroscopy*, J. Chem. Soc. Chem. Comm., 
333-334(1980). 

52 H W Kroto, J F Nixon and N P C Simmons. 'Microwave Spectrum, Structure, Dipole 
Moment and Vibrational Satellites of FCP'. 'J J. Mol. Spectrosc. 82, 185-192 (1980). 

53 M Hutchinson, H W Kroto and D R M Walton, 'Rotation-Vibration Analysis of the 
Microwave Spectrum of Cyanobutadiyne, HC5N', J. Mol. Spectrosc, 82, 394-410 (1980). 

54 C Kirby and H W Kroto. The Microwave Spectrum of Methyl-Sulphido-Boron. CH3B=S: 
Substitution Structure. Dipole Moment and Vibration-Rotation Analysis', L J. Mol. 
Spectrosc, 83, 1-14 (1980). 

55 K Georgiou and H W Kroto, The Microwave Spectrum Structure and Dipole Moment of 
Trans 2-Propenelhial (Trans-thioacrolein), CH2=CHCH=S, J. Mol. Spectrosc, 83, 94-104 
(1980). 

56 C Kirby and H W Kroto, 'The Microwave Spectrum of Chloro-Sulphido-Boron CIB=S: 
Molecular Structure. Dipole Moment, Quadrupole Moment and Vibration-Rotation Analysis'. 
J. Mol. Spectrosc, 83, 1 30-1 47 (1 980). 

57 C Kirby. H W Kroto and D R M Walton. 'The Microwave Spectrum of Cyanohexatriyne. 
HC7N', J. Mol. Spectrosc, 83, 261-265 (1980). 

58 M King and H W Kroto, 'Microwave Study of the Thermal Isomerisation of 
Sulphurdicyanide, S(CN)2 to Cyano-isothiocyanate, NCNCS. J. Chem. Soc Chem. Comm., 
606 (1980). 

59 H W Kroto. J F Nixon, K Ohno and N P C Simmons. TheC Microwave Spectrum of 
Phosphaethene. CH2=PH', J. Chem. Soc Chem, Comm., 709 (1980). 

60 H W Kroto, C Kirby. D R M Walton, L W Avery, N W Broten. J M McLeod and T Oka, 
'Detection of a Complex New Interstellar Species with a Molecular Weight of 99', in Les 
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Spectres des Molecules Simples Au Laboratoire et en Astro-Physique, XXI Colloque Int. 
Astr. 1977. 83-86(1980). 

61 H W Kroto, The Detection of Unstable Species Using Microwave Photoeleclron and 
Radioastronomy Techniques', Chimia, 34, 313 (1980). 

62 H Eshtiagh-Hosseini, H W Kroto. J F Nixon, M L Maah and M J Taylor. 'Synthesis of 
Phospha-alkene Transition Metal Complexes'. J.C.S. Chem. Comm.. 199-200 (1981). 

63 T A Cooper, M A King, H W Kroto and R J Suffolk, The Detection of Unstable 
Monomeric Selenidoborons: Chloroselenidoboron CIB=Se', J.C.S. Chem. Comm.. 353-354 
(1981). 

64 M A King, H W Kroto. J F Nixon, D Klapstein, J P Maier and O Marthaler, 'Emission 
Spectra of the Phosphaethyne Cations, HCP+ and DCP+'. Chem. Phys. Letts.. 82. 543 
(1981). 

65 H W Kroto and J F Nixon, 'Phosphaalkenes, R2C=PR and Phosphaalkynes, RCP\ A C 
S Symposium Series 171 (ed. L D Quin and J Verkade) No.79. 383-390, J Am. Chem. Soc. 

66 J C T R Burckett-St.Laurent. P B Hitchcock. H W Kroto and J F Nixon, 'Novel Transition 
Metal Phosphaalkyne Complexes. X-Ray Crystal and Molecular Structure of a Side-bonded 
ButCP Complex of Zerovalent Platinum. Pt(PPh2)2(ButCP), J.C.S. Chem. Comm., 1141- 
1143 (1981). 

67 H W Kroto, J F Nixon and K Ohno, 'The Microwave Spectrum, Structure and Dipole 
Moment of the Unstable Molecule Phosphaethene, CH2=PH'.J. Moi. Spectrosc, 90. 367- 
373 (1981). 

68 K Ohno, H W Kroto and J F Nixon, 'The Microwave Spectrum of 1-Phosphabut-1-yne- 
3-ene, CH2=CHCP', J. Mol. Spectrosc, 90, 507-511 (1981). 

69 H W Kroto. J F Nixon and K Ohno, The Microwave Spectrum of Phosphabutadiyne, 
HCCCP*, J. Mol. Spectrosc. 90, 51 2-51 6 (1 981 ). 

70 H W Kroto, 'The Spectra of Interstellar Molecules', L' International Reviews in Physical 
Chemistry, 1, 309-376 (1981). 

71 J C T R Burckett-St.Laurent, H W Kroto, J F Nixon and K Ohno, 'The Microwave 
Spectrum of 1-Phenylphosphaethyne, C6H5CP', J. Mol. Spectrosc, 92, 158-161 (1982). 

72 H W Kroto, 'Molecules in Space' Case Study 3 S247. Science Second Level Course. 
Open University 1981. 

73 73r- L ■.: C L" :J l: l j H W Kroto, J F Nixon, M J Taylor. A A Frew and K W Muir. 'Synthesis 
andLG NMR spectra of some platinum(ll) complexes of the phospha-alkene, (mesityl) 
P=CPh2'. Polyhedron, 1. 89-95 (1982), 

74 J C T R Burckett-St.Laurent, T A Cooper, H W Kroto, J F Nixon, O Ohashi and K Ohno, 
The Detection of Some New Phospha-alkynes. RCP. using microwave spectroscopy'. J. 
Mol. Struct. 79, 215 (1982). 

75 M A King. D Klapstein. H W Kroto, J P Maier and J F Nixon, 'Emission spectra of the 
phosphaethyne cations of HCP+ and DCPV. J. Mol. Struct. 80. 23-28 (1982), 

76 H W Kroto, 'Polyine im Universum'. Nachr. Chem. Tech. Lab.. 30. 765-770 (1 982). 
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77 K Ohno, H Matsuura, H W Kroto and H Murata, 'Infra-red spectra of C- 
fluorophosphaethyne FCP and C-difluorophosphaethene CF2=PH". Chemistry Letters, 981- 
984 (1982). 

78 H W Kroto, The interaction between chemistry and astronomy", in Submillimetre Wave 
Spectroscopy, J E Beckman and J P Phillips (eds.). Cambridge University Press, 203-217 
(1 982). 

79 J C T R Burckett-St.Laurent. P B Hitchcock, H W Kroto, M F Meidine and J F Nixon, 
'Novel transition metal phospha-alkyne complexes: tBuCP acting as 6 electron donor 
ligand.L. Synthesis, [C2(CO)6(mu-tBuCP)W(CO)5]', J. Organometallic Chem., 238, C82- 
C84 (1982). 

80 H W Kroto, 'Semistable Molecules in the Laboratory and in Space', Royal Society of 
Chemistry Tllden Lecture; Chem. Soc, Revs., 11, 435-491 (1982). 

81 J C T R Burckett-St.Laurent, M A King, H W Kroto. J F Nixon and R J Suffolk. 
'Photoelectron Spectra of the Phospha-alkynes: 3,3-dimethyl-1-phosphabutyne, t-BuCP and 

1- phenylphosphaethyne, PhCP'. J.C.S. Dalton, 755 (1983). 

82 S I Al-Resayes, S I Klein. H W Kroto, M F Meidine and J F Nixon, 'Synthesis of and 
Phospha-alkene-transition metal complexes and the first examples of complexes containing 
only ligated phospha-alkenes and phospha-alkynes', J.C.S. Chem. Comm., 930 (1983). 

83 M A King, D Kiapstein, H W Kroto, R Kuhn and J P Maier, The Spectroscopic 
Detection of the Ions XBS-h and XCP+ (X=H, F. CI)', Bull. Soc. Chim. Belg., 92, 607 (1983). 

84 84LI.CCLI:cl: K Ohno, H Matsuura, H Murata and H W Kroto, LL The Vibration- 
Rotation Spectrum of C-Fluorophoethyne FCP; Fermi Resonance and a Harmonic Force 
Field, J. Mol. Spectrosc, 100, 403-415 (1983). 

85 J C T R Burckett-St.Laurent, P B Hitchcock, M A King, H W Kroto, M F Meidine, S I 
Klein, S I Al Resayes, R J Suffolk and J F Nixon, 'Synthesis, Structures and Photoelectron 
Spectra of Phospha-alkenes and Phospha-alkynes and their Transition Metal Complexes', 
Phosphorus and Sulphur, 18, 259-262 (1983). 

86 H W Kroto, J F Nixon. O Ohashi and N P C Simmons, 'The Microwave Spectrum of 1- 
chloro- phosphaethene CH2=PCr, J. Mol. Spectrosc, 103, 113-124 (1984). 

87 H W Kroto, 'Long Carbon Chains in Space', European Spectroscopy News, 53, 18-20 
(1984). 

88 T A Cooper, C Kirby, H W Kroto and P C Westwood, 'A Photoelectron Spectroscopic 
Study of the (FBS)n System (n=1-3)'. J. Chem. Soc. Dalton Trans., 1047-1052 (1984). 

89 H W Kroto, D McNaughton and O I Osman, The Detection of the New Molecule Prop- 

2- ynylidenamine, HC2CH=NH, by Microwave Spectroscopy', J. Chem. Soc. Chem. Comm., 
993-994 (1984). 

90 M A King, D Kiapstein. H W Kroto, R Kuhn, J P Maier and J F Nixon, 'Emission 
Spectrum of the C-Fluorophosphaethyne Cation FCP+', J. Chem. Phys., 80(6), 2332-2335 
(1984). 

91 H W Kroto, 'A Discrepancy in the Fit between Bacterial and Interstellar Spectra', 
Observatory, 104, 135-136 (1984). 
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92 M A King and H W Kroto, 'He I Photoelectron Study of Cyanogen Isothiocyanate, 
NCNCS, Produced by Thermal Isomerization of Sulfur Dicyanide, S(CN)2', J. Am. Chem. 
Soc, 106,7347-7351 (1984). 
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General Information 



Publication List 


Publications: 1985 - 1993 


Years: 1963 - 1984 1985 - 1993 1994 - 2000 2001 - 2002 


93 H W Kroto, S I Klein, M F Meidine, J F Nixon, R K Harris, K J Packer and P Reams, '1- 
and 2-Coordination in PliQsplia-all<eneplatinum(0) Complexes."., High Resolution Solid 
State 31 P NMR Spectrum (Triphenylphosphine)P!atinum(0)\ J. Organo-metal.!.; Chem., 
280. 281-287 (1985). 

94 H W Kroto, D McNaughton. L T Little and N Matthews, 'Long-Chain Hydrocarbon 
Molecules in the interstellar Medium: 3 Search for 1-cyanobut-3-ene-1-yne, CH2=CHC3N*, 
Men. NoL R. Astr. Soc, 213. 753-759 (1985). 

95 M C Durrant, H W Kroto, D McNaughton and J F Nixon The New Molecule 1-Cyano-4- 
Phosphabutadiyne, NC4P, Produced by Copyrolysis of PC13L and CH3C3N: Detection 
and Vibration- Rotation Analysis by Microwave Spectroscopy', J. Mol. Spectrosc, 109, 8-14, 
(1985). 

96 K Ohno, H Matsuura, D McNaughton and H W Kroto, 'Infrared Spectra of 1- 
Phosphapropyne, CH3CP, and its Perdeuteride CD3C=:P', J. MoL Spectrosc, 111, 415-424, 
(1985). 

97 MA King, H W Kroto and B M Landsberg, 'Microwave Spectrum of the Quasilinear 
Molecule Cyanogen Isothiocyanate, NCNCS', J. MoL Spectrosc, 113, 1-20, (1985). 

98 H E Hosseini, H W Kroto, J F Nixon and O Ohashi, 'u 31 P, 19F and 1H NMR 
Spectroscopic study of the Reaction of Bis(Trifluoromethyl)Phosphine and solid KOH. 
Synthesis of the Phosphaalkene CF3P=CF2',J. Organometallic Chem., 296, 351-355, 
(1985). 

99 H W Kroto and D McNaughton. 'Photoelectron Spectra of the Amino difluoroboranes 
NH2=BF2 , NHMe=BF2: ■ and NMe2=BF2', J. Chem. Soc Dalton Trans., 1767. (1985) 

100 H W Kroto, J R Heath, S C O'Brien, R F Curl and R E Smalley, 'C60: 
Buckminsterfullerene', Nature, 318(No.6042), 162-163,(1985) [cover illustration]. 

101 Lanthanum complexes of spheroidal carbon shells; J. R. Heath, S. C. O'Brien. Q. 
Zhang, Y. Liu, F. R. Curl, H. W. Kroto, F. K. Tittle and R. E. Smalley, J. Am. Chem. Soc, 
107, 7779-7780(1985). 

102 Negative carbon cluster ion beams; new evidence for the special nature of C^q; Y. Liu, 

S. C. O'Brien, Q. Zhang, J, R. Heath, F., K. Tittle, R. F. Curl, H. W. Kroto and R. E. Smalley. 
Chem. Rhys. Lett, 126, 215-217 (1986). 

103 Reactivity of large carbon clusters: spheroidal carbon shells and their possible 
relevance to the formation and morphology of soot; Q. L. Zhang, S. C. O'Brien, J. R. Heath, 
Y. Liu, R. F. Curl, H, W. Kroto and R. E. Smalley, J. Phys. Chem., 90, 525-528 (1986). 
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104 A reply to "Magic Numbers" in and C^" abundance distributions based on 

experimental observations; S. C. O'Brien, J. R. Heath, H. W. Kroto, R. F. Curl and R. E. 
Smalley, Chem. Phys. Lett. 132, 99-102 (1986). 

105 Chemistry between the stars; H. W. Kroto, Proc. Roy. Institution, 58, 45-72 (1986) 

106 The formation of long carbon chain molecules during laser vapourisation of graphite; J. 
R. Heath, Q. Zhang, S. C. O'Brien, R. F. Curl. H. W. Kroto and R. E. Smalley, J. Am.'Chem, 
Soc, 109. 359-363, (1987). 

107 The stability of the Fullerenes C^ (n = 24, 28, 32, 50, 60 and 70); H. W. Kroto. Nature, 
329, 529-531 (1987). 

108 Long carbon chain molecules in circumstellar shells; H. W, Kroto, J. R. Heath, S. C. 
O'Brien, R. F. Curl and R. E. Smalley, Astropfiys. J., 314, 352-355 (1987). 

109 Carbon condensation; H. W. Kroto, Comments Cond, Mat Pliys., 13. 119-141 (1987). 

110 Chains and grains in interstellar space; H. W. Kroto in A. Leger. L. d'Hendecourt and N. 
Boccara. Polycyclic Aromatic Hydrocarbons and Astrophysics, Reidel. 1987, ppl 97-206. 

111 The formation of quasi-icosohedral spiral shell carbon particles; H.W. Kroto and K.G. 
McKay, Nature, 331. 328-331 (1988). 

112 Space, stars, Cg^ and soot; H.W. Kroto, Science, 242, 1139-1145 (1988). 

113 Cg(j: Buckminsterfullerene, other Fullerenes and the icospiral shell; H.W. Kroto, 
Computers and Math. Appiia, 1 7, 41 7-423 (1 988). 

114 The chemistry of the interstellar medium; H.W. Kroto, PhiL Trans. Roy, Soa, Lond. A., 
325,405-421 (1988). 

115 The role of linear and spheroidal carbon molecules in interstellar grain formation; H.W. 
Kroto. Ann. Phys, Fr., 14, 169-179 (1989). 

116 Giant Fullerenes; H.W. Kroto, Chem, Brit., 26, 40-42 (1990) 

117 Dust around AFGL 2688, molecular shielding, and the production of carbon chain 
molecules; M. Jura and H.W. Kroto, Astrophys. J.. 351, 222-229 (1990). 

118 CgQ, Fullerenes, giant Fullerenes and soot; H.W. Kroto, PureAppl. Chem., 62, 407-415 
(1 990). 

1 19 The formation and structure of interstellar dust; H.W. Kroto in S. Chang (Ed.) 'Carbon In 
the Galaxy) Proc. Conf. NASA Aims Research Center, Nov 5-6 1987, Publ. 1990. 

120 Possible assignment of the 11.3 m UIR feature in emission from soot-like microparticles 
with internal hydrogens, S.P. Balm and H.W. Kroto, Mon, Not. Roy. Astronom. Soc, 245, 
193-197 (1990). 

121 Isolation, separation and characterisation of the Fullerenes Cgp and C^q; the third form 

of carbon; R. Taylor. J.P. Hare, A.K. Abdul-Sada and H.W. Kroto, J. Chem. Soo, 
Chem.,Commun., 1423-14251 . (1990). 
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122 Fullerene cage clusters. □ The key to the structure of solid carbon; H.W. Kroto, J. 
Chem, Soc, Faraday Trans., 86, 2465-2468 (1990). 

123 The discovery of carbon 60; H.W. Kroto, R. Taylor and D.R.M. Walton, Univ. Sussex 
Ann. Rep., 6-8 (1990-91). 

124 The analysis of comet mass spectrometric data; S.P. Balm, J.P. Hare and H.W. Kroto, 
Space ScL Revs,, 56, 185-189 (1991) 

125 Potential-energy function of large carbon clusters; S.P. Balm, A.W. Allaf, H.W. Kroto 
and J.N. Murrell, J. Chem. Soc, Faraday Trans,, 86, 803-806 (1991). 

126 Preparation and UVA/IS spectra of Fullerenes CgQ and Cy^, J.P. Hare, H.W. Kroto and 
R. Taylor, Chem. Phys. Lett, 177, 394-398 (1991). 

127 The IR spectra of Fulierene-60 and -70; J.P. Hare, T.J. Dennis. H.W. Kroto. R. Taylor, 
A.W. Allaf, S. Balm and D.R.M. Walton, J. Chem. Soc, Chem. Commun., 412-413 (1991). 

128 Thermodynamic evidence for a phase transition in crystalline fullerene Cqq; A. Dworkin, 

H. Szwarc, S. Leach, J.P. Hare, T.J. Dennis, H.W. Kroto, R. Taylor and D.R.M. Walton, C. 
R Acad., ScL Paris, 1312, Ser II, 979-982 (1991). 

129 Degradation of Cgg by light; R. Taylor. J.P. Parsons, A.G. Avent, S.P. Rannard, T.J. 
Dennis, J.P. Hare, H.W. Kroto and D.R.M. Walton, Nature, 351, 277 (1991). 

130 Thermodynamic characterisation of the crystallinity of footballene Cg^; A. Dworkin, C. 

Fabre, D. Schutz, G. Kriza, R. Ceolin, H. Szwarc, P. Bernier, D. Jerome, S. Leach, A. 
Rassat, J.P. Hare, T.J. Dennis, H.W. Kroto, R. Taylor and D.R.M. Walton, C. R. Acad., Set. 
Paris, t.313, Ser II, 1017 (1991). 

131 Fluorination of Buckminsterfullerene; J.H. Holloway, E.G. Hope, R. Taylor, J.G. Langley, 
A.G. Avent. T.J. Dennis, J.P.Hare, H.W. Kroto and D.R.M. Walton, J. Chem. Soc, Chem. 
Commun,, 966-969 (1991). 

132 Cgp: the celestial sphere that fell to earth; H.W. Kroto, Nanotechnology, 1,1-2 (1991). 

133 The magnetic circular dichroism and absorption spectra of CgQ isolated in argon 

matrices; Z. Gasyna, P.N. Schatz, J.P. Hare, T.J. Dennis, H.W. Kroto, R. Taylor and 
D.R. M.Walton, Chem, Phys. Lett., 183, 283-291 (1991). 

134 Hypothetical twisted structure for C^F^^; P.W. Fowler, H.W. Kroto, R. Taylor and 
D.R.M. Walton, J. Chem. Soc. Faraday Trans., 87, 2685-2686 (1991). 

135 Crystal structure and bonding of ordered C^^] W.I.F. David, R.M. Ibberson, J. 

Matthewman, K. Prassides, T.J. Dennis, J.P. Hare, H.W. Kroto, R. Taylor and D.R.M. 
Walton, Nature, 353, 156-158 (1991). 

136 Large infrared nonlinear optical response of Cg^; W.J. Blau, H.J. Byrne, D.J. Cardin, 

T.J. Dennis, J.P. Hare, J. Tomkinson, H.W. Kroto, R. Taylor and D.R.M. Walton, Phys. Rev. 
Lett., 67, 1423-1425 (1991). 

r 

137 The vibrational Raman spectra of and Cyr.; T.J. Dennis, J.P. Hare. H.W. Kroto, R. 
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Taylor, D.R.M. Walton and PJ. Hendra, Spectrochim, Acta, 47A, 1289-1292 (1991). 

138 inelastic neutron scattering spectrum of the fullerene CgQ; K. Prassides. T.J.S. Dennis, 

J.P. Hare, J. Tomkinson, H.W. Kroto, R. Taylor and D.R.M. Walton, Chem. Phys. Lett., 187, 
455-458(1991). 

139 Cgo Buckminsterfullerene; H W Kroto, A W Allaf and S P Balm, Chem. Revs., 91, 1213- 
1235 (1991) 

140 Electronic spectra and transitions of the fullerene Cg^; S. Leach, M. Vervloet, A. 

Despres, E. Breheret, J.P. Hare, T.J. Dennis. H.W. Kroto, R. Taylor and D.R.M. Walton; 
Chem, Phys,, 160, 451-466 (1992). 

141 No lubricants from fluorinated C^^] R. Taylor, A.G. Avent, T.J. Dennis, J.P. Hare, H.W. 
Kroto. D.R.M. Walton, J.H. Holloway, E.G. Hope, and G.J. Langley. Nature, 355, 27 (1992). 

142 Cg^: Buckminsterfullerene, the celestial sphere that fell to earth; H.W. Kroto, Angew, 
Chem. Internat. Edit EngL, 31, 111-129 (1992). 

143 A postbuckminsterfullerene view of carbon in the galaxy; J.P. Hare and H.W. Kroto, 
Accounts Chem, Res., 25, 106-112 (1992). 

144 Nucleophilic substitution of fluorinated CgQ; R. Taylor, J.H. Holloway, E.G. Hope, A.J. 

Avent, G.J. Langley, TJ. Dennis, J.P. Hare. H.W. Kroto and D.R.M. Walton, J, Chem. Soc, 
Chem, Commun,, 665-667 (1992). 

145 Formation of C^qPU^^ by electrophilic aromatic substitution; R. Taylor. G.J. Langley, 

M.F. Meidine, J.P. Parsons, A.K. Abdul-Sada, T.J. Dennis, J.P. Hare, H.W. Kroto and 
D.R.M.Walton, J. Chem, Sac, Chem. Commun,, 667-668 (1992). 

146 The post-Buckminsterfullerene graphite horizon; H.W. Kroto, J, Chem. Soc, Datton 
Trans., 2141-2143(1992) 

147 Astrophysical Problems involving Carbon Re-appraised; J.P. Hare and H.W. Kroto in 
P.D. Singh (Ed.) 'Astrochemistry of cosmic phenomena* IAD. The Netherlands, 1992. pp. 47- 
54- 

148 Fullerene physics; K. Prassides and H.W. Kroto, Physics Worid, 5, 44-49 (1992). 

149 Preparation and characterisation of Cg^Brg and Cg^Brg; P.R. Birkett, P.B. Hitchcock, 
H.W. Kroto, R. Taylor and D.R.M. Walton, Nature, 357, 479-481 (1992). 

150 Post-Fulierene organic chemistry; H.W. Kroto and D.R.M. Walton, in E. Osawa and O. 
Yonemitsu (Eds.), 'Carbocyclic cage compounds', VCH, 1992, pp 91-100. 

151 A mass spectromelric/NMR study of Fullerene-78 isomers; R. Taylor, G.J. Langley, 
T.J.S. Dennis, H.W. Kroto and D.R.M. Walton, J. Chem. Soc, Chem. Commun,, 1043-1046 
(1992). 

152 Fullerenes: physics and astrophysics studies; H.W. Kroto, K. Prassides, M. Endo and 
M, Jura in C. Taliani. G. Ruani and R, Zamboni (Eds.) Fullerenes; status and perspectives, 
Proc. 1st Italian Workshop, Bologna (Feb. 6-7 1992) World Scientific Advanced Series in 
Fullerenes - Vol.2, 1992, pp1-12. 
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153 Neutron scattering studies of Fullerenes and alkali-metal doped Fullerides, K. 
Prassides, C. Christides, J. Tomkinson. M.J. Rosseinsky, D.W. Murphy, R.C. Haddon. T.J.S. 
Dennis, J.P, Hare. H.W. Kroto. R. Taylor and D.R.M. Walton in C. Taliani, G. Ruani and R. 
Zamboni (Eds.) Fullerenes; status and perspectives, Proc. 1st Italian Workshop, Bologna 
(Feb. 6-7 1992) World Scientific Advanced Series in Fullerenes - Vol. 2, 1992, pp147-160. 

154 Single crystal x-ray structure of benzene-solvated Cqq\ M.F. Meidine, P.B. Hitchcock, 
H.W. Kroto, R. Taylor and D.R.M. Walton, J. Chem, Soa, Chem. Commun., 1534-1537 
(1 992). 

155 Simulated transmission electron microscope images and characterisation of the 
'Icospiral'; K.G. McKay. H.W, Kroto and D.J. Wales, J. Chem. Soc. Faraday Trans., 88, 
2815-2821 (1992). 

156 An end to the search for the ground state of C^^^l- D.E. Manolopouios, P.W. Fowler, 

R.Taylor, H.W. Kroto and D.R.M. Walton, J. Chem. Soc. Faraday Trans,, 88, 3117-3118 
(1 992). 

157 Isolation and spectroscopy of fullerenes; H.W. Kroto, K. Prassides, R. Taylor and 
D.R.M. Walton, Physica Scripta, T45, 314-318 (1992). 

158 Circumsteilar and interstellar fullerenes and their analogues; H.W. Kroto and M. Jura, 
Astron. Astrophys., 263, 275-280 (1992) 

159 Introduction; H.W. Kroto, Carton, 30, 1139-1141 (1992). 

160 Fullerenes and fullerides in the solid state; neutron scattering studies; K. Prassides, 
H.W. Kroto. R. Taylor, D.R.M. Walton, W.I.F. David, J. Tomkinson, R C Haddon, M.J. 
Rosseinsky and D.W. Murphy, Carbon, 30, 1277-1286 (1992). 

161 Formation of carbon nanofibers; M Endo and H W Kroto, J. Phys. Chem., 96, 6941- 
6944(1992). 

162 Preparation and characterisation of GgQ(ferrocene)2; J.D,. Crane, P.B. Hitchcock, H.W. 
Kroto. R. Taylor and D.R.M. Walton, J. Chem. Soc, Chem. Commun., 1764-1765 (1992). 

163 Mu@C7q; monitoring the dynamics of fullerenes from inside the cage; K. Prassides, 

T.J.S. Dennis. C. Christidies. E. Roduner, H.W, Kroto. R. Taylor and D.R.M. Walton, J. 
Phys. Chem., 96. 10600-10602 (1992). 

164 Isolation, characterisation and chemical reactions of fullerenes; R. Taylor, A.G. Avent, 
P.R. Birkett, T.J.S. Dennis. J.P. Hare, P.B. Hitchcock, J.H. Holloway. P.G. Hope, H.W. 
Kroto, G.J. Langley, M.F. Meidine, J.P, Parsons and D.R.M. Walton, Pure Appl. Chem., 65, 
135L (1992). 

165 Discovery;^ H.W. Kroto, R. Taylor and D.R.M. Walton, Univ. Sussex Ann. Rep., 6 
(1992). 

166 Hydrogenation of carbon clusters; A.W. Allaf, R.A. Hallett, S.P. Balm and H.W. Kroto, 
Internal J. Mod. Phys. B, 6, 3595 (1992). 

167 Optical emission from carbon clusters in a supersonic expansion; S.P. Balm. R.A. 
Hallett, A.W. Allaf. A.J. Stace and H.W. Kroto. Intemat. J. Mod. Phys. S. 6, 3757 (1992). 

168 Fullerene studies at Sussex; H.W. Kroto, K. Prassides, A.J. Stace, R. Taylor and 
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D.R.M. Walton in W.E. Billups and M.A. Ciufolini (Eds.) Buckminsterfullerenes, VCH, 1993. 
Ch 2, pp 21-57. 

169 The Raman spectra of C6oBr24, C^^BTq and C^^Br^] P.R. Birkett, I. Gross, P.J. Hendra. 
H.W. Kroto, R. Taylor and D.R.M. Walton, Chem. Phys. Lett,, 205, 399-404 (1993). 

170 The structural characterisation of buckminsterfullerene compounds; P.R. Birkett, J.D. 
Crane, P.B. Hitchcock, H.W. Kroto. M.F. Meidine. R. Taylor and D.R.M. Walton. J. MoL 
Struct, 292. 1 (1993) 

171 Polyynes and the formation of fullerenes; H.W. Kroto and D.R.M. Walton, Phil. Trans. 
Hoy. Soc. Lond. Sen A, 343, 103-1 12 (1993) 

172 Highly oxygenated derivatives of fluorinated Cg^, and the mode of fragmentation of the 
fluorinated cage under electron impact conditions; R. Taylor, G.J. Langiey, A.K. Brisdon, 
J.H. Holloway, E.G. Hope, H.W. Kroto and D.R.M. Walton, J. Chem. Soc, Chem. Commun., 
875-878 (1993) 

173 ^^C NMR spectroscopy of C^g. C^q, Cq^, and mixtures of C86-C-,o2; anomalous 
chromatographic behaviour of C82 and evidence for Cj^H^^'^ R. Taylor, G.J. Langiey. A.G. 
Avent. T.J.S. Dennis, H.W. Kroto and D.R.M. Walton, J. Chem. Soc, Parkin Trans. 2, 1029 
(1993). 

174 Preparation and NMR characterisation of C^qO^; P.R- Birkett, A.G. Avent, A.D. 
Darwish, H.W. Kroto, R. Taylor and D.R.M. Walton, J. Chem. Soc, Chem. Common,, 1230 
(1993). 

175 Formation and stabilisation of the hexa-adduct of cyclopentadiene with Cg^; M.F. 
Meidine. R. Roers. G J. Langiey, A.G. Avent, A.D. Darwish. S. Firth. H.W. Kroto, R. Taylor 
and D.R.M. Walton, J. Chem. Soc, Chem. Commun., 1342 (1993). 

176 Preparation and single crystal structure determination of the solvated intercalate 
CeQ.l2.toluene; P.R. Birkett, C. Christidies. P.B. Hitchcock, H.W. Kroto. K. Prassides, R. 
Taylor and D.R.M. Walton. J. Chem. Soc, Perkin 2, 1407 (1993). 

177 Enthalpies of formation of Buckminsterfullerene (Cg^) and of the parent ions GgQ+, 

V" ^eo"' I^ P- ^^'^9^' ME.M. da Piedade. T.J.S. Dennis, J.P. Hare. H.W. Kroto. 
R. Taylor and D.R.M. Walton, J. Chem. Soc, Faraday Trans., 89. 3541. (1993). 

178 The CgQ-catalysed oxidation of hydrogen sulphide to sulphur; A.D. Danwish, H.W. Kroto, 
R. Taylor and D.R.M. Walton, Fullerene Sci. & Tech., 1, 571 (1993). 

179 Stable derivatives of small fullerenes; H.W. Kroto and D.R.M. Walton, Chem. Phys. 
Le«., 214, 353(1993). 

180 Isolation, characterisation and chemical reactions of fullerenes; R. Taylor, A.G. Avent, 
P.R. Birkett, T.J.S. Dennis, J.P. Hare, P.B. Hitchcock, J.H. Holloway, E.G. Hope. H.W. 
Kroto, GJ. Langiey. M.F. Meidine, J.P. Parsons and D.R.M. Walton, Pure AppL Chem., 65, 
135 (1993). 

181 Neutron scattering and SR studies of fullerenes and their derivatives; K. Prassides. 
Physica Scripta, T49, 735 (1993). 
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182 The production and structure of pyrolytic carbon nanotubes (PCNTs); M Endo, K 
Takeuchi, S Igarashi, K Kobori. M Shiraishi and H W Kroto, J. Phys. Chem. Solids. 54, 1841 
(1993) 
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Years: 1963 - 1984 1985 - 1993 1994 - 2000 2001 - 2002 


93 H W Kroto, S I Klein, M F Meidine, J F Nixon, R K Harris, K J Packer and P Reams, '1- 
and 2-Coordination in Phospha-alkeneplatinunn(O) Complexes. J High Resolution Solid 
State 31 P NMR Spectrum (Triphenylphosphine)Platinum(O)', J. Organo-metal.L Chem., 
280, 281-287 (1985). 

94 H W Kroto, D McNaughton, L T Little and N Matthews, 'Long-Chain Hydrocarbon 
Molecules in the Interstellar Medium: J Search for 1-cyanobut-3-ene-1-yne, CH2=CHC3N', 
Mon. Not, R. Astr. Soc, 213, 753-759 (1985). 

95 M C Durrant, H W Kroto,D McNaughton and J F Nixon The New Molecule 1-Cyano-4- 
Phosphabutadiyne, NC4P, Produced by Copyrolysis of PCI 31 and CH3C3N: Detection 
and Vibration- Rotation Analysis by Microwave Spectroscopy', J. Mol. Spectrosc, 109, 8-14, 
(1985). 

96 K Ohno, H Matsuura, D McNaughton and H W Kroto, 'Infrared Spectra of 1- 
Phosphapropyne, CH3CP, and its Perdeuteride CD3C=P', J. Mol. Spectrosc, 111, 415-424, 
(1985). 

97 MA King, H W Kroto and B M Landsberg, 'Microwave Spectrum of the Quasilinear 
Molecule Cyanogen Isothiocyanate, NCNCS', J. Mol. Spectrosc, 113, 1-20, (1985). 

98 H E Hosseini, H W Kroto, J F Nixon and O Ohashi, 'L 31 P, 19F and 1H NMR 
Spectroscopic study of the Reaction of Bis(Trifluoromethyl)Phosphine and solid KOH. 
Synthesis of the Phosphaalkene CF3P=CF2',J. Organometallic Chem.. 296, 351-355, 
(1985). 

99 H W Kroto and D McNaughton, 'Photoelectron Spectra of the Amino difluoroboranes 
NH2=:BF2 , NHMe=BF2u and NMe2=BF2', J. Chem. Soc. Dalton Trans., 1767. (1985) 

100 H W Kroto, J R Heath, S C O'Brien. R F Cur), and R E Smalley, 'C60: 
Buckminsterfullerene', Nature, 318(No.6042), 162-163,(1985) [cover illustration]. 

101 Lanthanum complexes of spheroidal carbon shells; J. R. Heath, S. C. O'Brien, Q. 
Zhang, Y. Liu, F. R. Curl, H. W. Kroto, F. K. Tittle and R. E. Smalley. J. Am, Chem, Soc, 
107, 7779-7780(1985). 

102 Negative carbon cluster ion beams; new evidence for the special nature of C^q; Y. Liu. 

S. C. O'Brien, Q. Zhang, J. R. Heath, F., K. Tittle, R. F. Curl, H. W. Kroto and R. E. Smalley. 
Chem. Phys. Lett., 126. 215-217 (1986). 

103 Reactivity of large carbon clusters: spheroidal carbon shells and their possible 
relevance to the formation and morphology of soot; Q. L. Zhang, S. C. O'Brien, J. R. Heath, 
Y. Liu. R. F. Curl, H. W. Kroto and R. E. Smalley. J. Phys, Chem.. 90. 525-528 (1986). 
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104 A reply to "Magic Numbers" in C^"^ and C,^" abundance distributions based on 

experimentai observations; S. C. O'Brien, J. R. Heath, H, W. Kroto, F. Curl and R. E. 
Smalley, Chem. Phys. Lett 132, 99-102 (1986). 

105 Chemistry between the stars; H. W. Kroto, Proa Roy. Institution, 58, 45-72 (1986) 

106 The formation of long carbon chain molecules during laser vapourisation of graphite; J. 
R. Heath, Q. Zhang, S. C. O'Brien, R. F. Curl, H. W. Kroto and R. E. Smalley, J. Am. Chem. 
Soc, 109, 359-363, (1987). 

107 The stability of the Fullerenes C^ (n = 24, 28, 32, 50, 60 and 70); H. W. Kroto, Nature, 
329, 529-531 (1987). 

108 Long carbon chain molecules In circumstellar shells; H. W. Kroto, J. R. Heath, S. C. 
O'Brien, R. F. Curl and R. E. Smalley. Astropfiys. J., 314, 352-355 (1987). 

109 Carbon condensation; H. W. Kroto. Comments Cond. Mat. Phys., 13, 119-141 (1987). 

110 Chains and grains in interstellar space; H. W. Kroto in A. Leger, L. d'Hendecourt and N. 
Boccara, Polycycfic Aromatic Hydrocarbons and Astrophysics, Reidel, 1987. ppl 97-206. 

111 The formation of quasi-icosohedral spiral shell carbon particles; H.W. Kroto and K.G. 
McKay, A/aft/re, 331. 328-331 (1988). 

112 Space, stars, C^q and soot; H.W. Kroto, Science, 242, 1139-1145 (1988). 

113 CqqI Buckminsterfullerene. other Fullerenes and the icosplral shell; H.W. Kroto, 
Computers and Math. Applic, 17. 41 7-423 (1 988). 

114 The chemistry of the interstellar medium; H.W. Kroto. Phil. Trans. Roy. Soc, Lond. A., 
325, 405-421 (1988). 

115 The role of linear and spheroidal carbon molecules in interstellar grain formation; H.W. 
Kroto. Ann. Phys. Fr., 14, 169-179 (1989). 

116 Giant Fullerenes; H.W. Kroto, Chem. Brit., 26, 40-42 (1990) 

117 Dust around AFGL 2688. molecular shielding, and the production of carbon chain 
molecules; M. Jura and H.W. Kroto, Astrophys. J., 351, 222-229 (1990). 

118 CgQ, Fullerenes. giant Fullerenes and soot; H.W. Kroto, PureAppL Chem., 62. 407-415 
(1 990). 

119 The formation and structure of interstellar dust; H.W. Kroto in S. Chang (Ed.) 'Carbon in 
the Galaxy) Proc. Conf. NASA Alms Research Center. Nov 5-6 1987, Publ. 1990. 

120 Possible assignment of the 1 1 .3 m UIR feature in emission from soot-like microparticles 
with internal hydrogens, S.P. Balm and H.W. Kroto, Mon. Not. Roy. Astronom, Soc., 245, 
1 93-1 97 (1 990), 

121 Isolation, separation and characterisation of the Fullerenes Cg^ and C^q; the third form 

of carbon; R. Taylor, J.P. Hare, A.K. Abdul-Sada and H.W. Kroto, J. Chem. Soc. 
Chem.^Commun., 1423-14251 (1990). 
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122 Fullerene cage clusters.C The key to the structure of solid carbon; H.W. Kroto, J. 
Chem. Soc, Faraday Trans,, 86, 2465-2468 (1990). 

123 The discovery of carbon 60; H.W, Kroto, R. Taylor and D.R.M. Walton, Univ. Sussex 
Ann, Rep,, 6-8 (1990-91). 

124 The analysis of comet mass spectrometric data; S.P. Balm, J. P. Hare and H.W. Kroto, 
Space Sci, Revs., 56, 185-189 (1991) 

125 Potential-energy function of large carbon clusters; S.P. Balm, A.W. Allaf. H.W. Kroto 
and J.N. Murrell, J. Chem. Soc, Faraday Trans., 86, 803-806 (1991). 

126 Preparation and UVA/IS spectra of Fullerenes Cg^ and C^q; J.P. Hare. H.W. Kroto and 
R. Taylor, Chem. Phys. Lett, 177, 394-398 (1991). 

127 The IR spectra of Fullerene-60 and -70; J.P. Hare, TJ. Dennis, H.W. Kroto, R. Taylor, 
A.W. Allaf, S. Balm and D.R.M. Walton, J. Chem. Soc, Chem, Commun., 412-413 (1991). 

128 Thermodynamic evidence for a phase transition in crystalline fullerene C^q; A. Dworkin, 

H. Szwarc, S. Leach, J.P. Hare, T.J. Dennis, H.W. Kroto, R. Taylor and D.R.M. Walton, C. 
R. Acad., ScL Paris, 1312, Ser II, 979-982 (1991). 

129 Degradation of CgQ by light; R. Taylor, J.P. Parsons, A.G. Avent, S.P. Rannard, TJ. 
Dennis, J.P. Hare, H.W. Kroto and D.R.M. Walton, Nature. 351, 277 (1991). 

130 Thermodynamic characterisation of the crystallinity of footballene Cg^; A. Dworkin, C. 

Fabre, D. Schutz, G. Kriza, R. Ceolin, H. Szwarc, P. Bernier, D. Jerome, 8. Leach, A. 
Rassat, J.P. Hare, T.J. Dennis, H.W. Kroto, R. Taylor and D.R.M. Walton, C. R, Acad., Sci. 
Paris, t.313, Ser II, 1017 (1991). 

131 Fiuorination of Buckminsterfullerene; J.H. Holloway, E.G. Hope. R. Taylor, J.G. Langley, 
A.G. Avent. T.J. Dennis, J.P.Hare, H.W. Kroto and D.R.M. Walton, J. Chem. Soc, Chem. 
Commun,, 966-969 (1991). 

132 Cgg: the celestial sphere that fell to earth; H.W. Kroto, Nanotechnology, 1,1-2 (1991). 

133 The magnetic circular dichroism and absorption spectra of Cqq isolated in argon 

matrices; Z. Gasyna, P.N. Schatz, J.P. Hare, T.J. Dennis, H.W. Kroto, R. Taylor and 
D.R.M.Walton, Chem. Phys. Lett., 183, 283-291 (1991). 

134 Hypothetical twisted structure for Cq^F^q; P.W. Fowler, H.W. Kroto, R. Taylor and 
D.R.M. Walton, J. Chem. Soc. Faraday Trans., 87, 2685-2686 (1991). 

135 Crystal structure and bonding of ordered Cg^; W.I.F. David, R.M. Ibberson, J. 

Matthewman, K. Prassides, T.J. Dennis, J.P. Hare, H.W. Kroto, R. Taylor and D.R.M. 
Walton, Nature, 353, 156-158 (1991). 

136 Large infrared nonlinear optical response of Cqq; W.J. Blau, H.J. Byrne, D.J. Cardin, 

TJ. Dennis, J.P. Hare, J. Tomkinson, H.W. Kroto, R. Taylor and D.R.M. Walton, Phys. Rev. 
Lett., 67. 1423-1425 (1991). 

137 The vibrational Raman spectra of Cgo and Cy^; T.J. Dennis, J.P. Hare, H.W. Kroto. R. 
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Taylor, D.R.M. Walton and PJ. Hendra, Spectrochim. Acta, 47A. 1289-1292 (1991). 

138 Inelastic neutron scattering spectrum of the fullerene Cqq; K. Prassides, U.S. Dennis, 
J.P. Hare, J. Tomkinson, H.W. Kroto, R. Taylor and D.R.M. Walton, Chem, Phys. Lett., 187, 
455-458 (1991). 

139 Cgo Buckminsterfullerene; H W Kroto, A W Allaf and S P Balm, Chem. Revs,, 91, 1213- 
1235 (1991) 

140 Electronic spectra and transitions of the fullerene C^q; S. Leach, M. Vervloet. A. 
Despres, E. Breheret, J.P. Hare, T.J. Dennis, H.W. Kroto, R. Taylor and D.R.M. Walton; 
Chem. Phys., 160, 451-466 (1992). 

141 No lubricants from fluorinated C^^] R. Taylor. A.G. Avent, T.J. Dennis, J.P. Hare, H.W. 
Kroto, D.R.M. Walton, J.H. Holloway, E.G. Hope, and G.J. Langley, Nature, 355, 27 (1992). 

142 Cqq. Buckminsterfullerene, the celestial sphere that fell to earth; H.W. Kroto, Angew, 
Chem. Internat. Edit. EngL, 31, 111-129 (1992). 

143 A postbuckminsterfullerene view of carbon in the galaxy; J.P. Hare and H.W. Kroto, 
Accounts Chem. Res., 25, 106-112 (1992). 

144 Nucleophilic substitution of fluorinated C^q] R. Taylor, J.H. Holloway, E.G. Hope, A.J. 

Avent, G J. Langley, T.J. Dennis, J.P. Hare, H.W. Kroto and D.R.M. Walton, J. Chem. Soc, 
Chem. Commun., 665-667 (1992). 

145 Formation of CgoPhi2 electrophilic aromatic substitution; R. Taylor, G.J. Langley, 
M.F. Meidine, J.P. Parsons, A.K. Abdui-Sada, TJ. Dennis, J.P. Hare, H.W. Kroto and 
D.R.M.Walton, J. Chem. Soc, Chem. Commun., 667-668 (1992). 

146 The post-Buckminsterfullerene graphite horizon; H.W. Kroto, J. Chem. Soc, Dalton 
Trans., 2141-2143(1992) 

147 Astrophysical Problems involving Carbon Re-appraised; J.P. Hare and H.W. Kroto in 
P.D. Singh (Ed.) 'Astrochemistry of cosmic phenomena' iAU, The Netherlands, 1992, pp. 47- 
54. 

148 Fullerene physics; K. Prassides and H.W. Kroto, Physics World, 5, 44-49 (1992). 

149 Preparation and characterisation of C^Br^ and CgoBrg; P.R. Birkett, P.B. Hitchcock, 
H.W. Kroto, R. Taylor and D.R.M. Walton, Nature, 357, 479-481 (1992). 

150 Post-Fullerene organic chemistry; H.W. Kroto and D.R.M. Walton, in E. Osawa and O. 
Yonemitsu (Eds.), 'Carbocycfic cage compounds', VCH, 1992. pp 91-100. 

151 A mass spectrometric/NMR study of Fullerene-78 isomers; R. Taylor, G.J. Langley, 
T.J.S. Dennis, H.W. Kroto and D.R.M. Walton, J. Chem. Soc, Chem. Commun., 1043-1046 
(1992). 

152 Fullerenes: physics and astrophysics studies; H.W. Kroto, K. Prassides, M. Endo and 
M. Jura in G. Taiiani, G. Ruani and R. Zamboni (Eds.) Fullerenes; status and perspectives, 
Proc. 1st Italian Workshop, Bologna (Feb. 6-7 1992) World Scientific Advanced Senes in 
Fullerenes - Vol.2, 1992, pp1-12. 
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153 Neutron scattering studies of Fullerenes and alkali-metal doped Fullerides, K. 
Prassides. C. Christides, J. Tomkinson, M.J. Rosseinsky. D.W. Murphy. R.C. Haddon, T.J.S. 
Dennis, J.P. Hare, H.W. Kroto, R, Taylor and D.R.M. Walton in C. Tallani, G. Ruani and R. 
Zamboni (Eds.) Fullerenes; status and perspectives, Proc. 1st Italian Workshop, Bologna 
(Feb. 6-7 1992) World Scientific Advanced Series in Fullerenes - Vol. 2, 1992, pp147-160. 

154 Single crystal x-ray structure of benzene-solvated CgQ; M.F. Meidine, P.B. Hitchcock, 

H.W. Kroto, R, Taylor and D.R.M. Walton, J. Chem, Soc, Chem. Commun., 1534-1537 
(1992). 

155 Simulated transmission electron microscope images and characterisation of the 
'icospiral*; K.G. McKay, H.W. Kroto and DJ. Wales, J, Chem. Soc. Faraday Trans., 88, 
2815-2821 (1992). 

156 An end to the search for the ground state of Cg^?!.. D.E. Manolopoulos. P.W. Fowler. 

RTaylor, H.W. Kroto and D.R.M. Walton, J. Chem. Soc. Faraday Trans., 88. 3117-3118 
(1 992). 

157 Isolation and spectroscopy of fullerenes; H.W. Kroto, K. Prassides, R, Taylor and 
D.R.M. Walton, Physica Scripta, T45, 314-318 (1992). 

158 Circumstellar and interstellar fullerenes and their analogues; H.W. Kroto and M. Jura, 
Astron. Astrophys., 263, 275-280 (1992) 

159 Introduction; H.W. Kroto, Carbon, 30, 1139-1141 (1992). 

160 Fullerenes and fullerides in the solid state; neutron scattering studies; K. Prassides, 
H.W. Kroto, R. Taylor, D.R.M. Walton, W.LF. David, J. Tomkinson, R C Haddon, M.J. 
Rosseinsky and D.W. Murphy, Carbon, 30, 1277-1286 (1992). 

161 Formation of carbon nanofibers; M Endo and H W Kroto, J. Phys. Chem., 96, 6941- 
6944(1992). 

162 Preparation and characterisation of CgQ(ferrocene)2; J.D. Crane, P.B. Hitchcock, H.W. 
Kroto, R. Taylor and D.R.M. Walton, J. Chem. Soc, Chem. Commun,, 1764-1765 (1992). 

163 Mu@CyQ] monitoring the dynamics of fullerenes from inside the cage; K. Prassides, 

T.J.S. Dennis, C. Christidies, E. Roduner, H.W. Kroto, R. Taylor and D.R.M. Walton. J. 
Phys. Chem., 96, 1 0600-1 0602 (1 992). 

164 Isolation, characterisation and chemical reactions of fullerenes; R. Taylor, A.G. Avent, 
P.R. Birkett. T.J.S. Dennis, J.P. Hare. P.B. Hitchcock, J.H. Holloway, P.G. Hope, H.W. 
Kroto, G.J. Langley, M.F. Meidine, J.P. Parsons and D.R.M. Walton, Pure AppL Chem., 65, 
135L: (1992). 

165 Discovery; l: H.W. Kroto, R. Taylor and D.R.M. Walton. Univ. Sussex Ann. Rep., 6 
(1992). 

166 Hydrogenation of carbon clusters; A.W. Allaf, R.A. Hallett, S.P. Balm and H.W. Kroto, 
Internat. J. Mod. Phys. B, 6, 3595 (1 992). 

167 Optical emission from carbon clusters in a supersonic expansion; S.P. Balm, R.A. 
Hallett, A.W. Allaf. A.J. Stace and H.W. Kroto. Internat J. Mod, Phys. B, 6. 3757 (1992). 

168 Fullerene studies at Sussex; H.W. Kroto, K. Prassides, A.J. Stace, R. Taylor and 
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D.R.M. Walton in W.E. Billups and M.A. Ciufoiini (Eds.) Buckminsterfullerenes, VCH, 1993, 
Ch2. PP21-57. 

169 The Raman spectra of C5QBr24, Cg^Brg and CgQBrg; P.R. Birkett, I. Gross, PJ. Hendra, 
H.W. Kroto, R. Taylor and D.R.M. Walton. Chem, Phys. Lett, 205, 399-404 (1993). 

170 The structural characterisation of buckminsterfullerene compounds; P.R. Birkett, J.D. 
Crane. P.B. Hitchcock, H.W. Kroto, M.F. Meidine. R. Taylor and D.R.M. Walton, J. MoL 
Struct, 292. 1 (1993) 

171 Poiyynes and the formation of fullerenes; H.W. Kroto and D.R.M. Walton, Phil. Trans, 
Roy, Soc. Lond. Sen A, 343, 103-112 (1993) 

172 Highly oxygenated derivatives of fluorinated CgQ, and the mode of fragmentation of the 

fluorinated cage under electron impact conditions; R. Taylor, G.J. Langley, A.K. Brisdon, 
J.H. Holloway, E.G. Hope, H.W. Kroto and D.R.M. Walton, J, Chem. Soc, Chem. Commun., 
875-878 (1993) 

173 ^^C NMR spectroscopy of G^g, C-^g, Cg^, and mixtures of Cgg-C-,Q2; anomalous 
chromatographic behaviour of 052 and evidence for C^QH^g' ^- Taylor, G J. Langley, A.G. 

Avent, T.J.S. Dennis, H.W, Kroto and D.R.M. Walton. J. Chem. Sac, Parkin Trans. 2. 1029 
(1993). 

174 Preparation and ^^0 NMR characterisation of CgoClg; P.R. Birkett. A.G. Avent. A.D. 

Darwish, H.W. Kroto. R. Taylor and D.R.M. Walton. J. Chem. Soc. Chem, Commun., 1230 
(1993). 

175 Formation and stabilisation of the hexa-adduct of cyclopentadiene with CgQ; M.F. 

Meidine. R. Roers, G.J. Langley, A.G. Avent. A.D. Darwish, S. Firth, H.W. Kroto, R. Taylor 
and D.R.M. Walton, J. Chem. Soc, Chem. Commun., 1342 (1993). 

176 Preparation and single crystal structure determination of the solvated intercalate 
CgQ.lg-toluene; P.R. Birkett, C. Christidies, P.B. Hitchcock, H.W. Kroto. K. Prassides, R. 
Taylor and D.R.M. Walton. J. Chem. Soc, Perkin 2, 1407 (1993). 

177 Enthalpies of formation of Buckminsterfullerene (Cgg) and of the parent ions Cgg"^, 
CgQ2+, CgQ3+ and CgQ-; H.P. Diego, M.E.M. da Piedade, T.J.S. Dennis, J.P. Hare. H.W. Kroto. 
R. Taylor and D.R.M. Walton, J. Chem. Soc, Faraday Trans., 89. 3541, (1993). 

178 The CgQ-catalysed oxidation of hydrogen sulphide to sulphur; A.D. Darwish, H.W. Kroto, 
R. Taylor and D.R.M. Walton. Fullerene Sol, & Tech,, 1, 571 (1993). 

179 Stable derivatives of small fullerenes; H.W. Kroto and D.R.M. Walton, Chem. Phys. 
Lett., 214. 353(1993). 

180 Isolation, characterisation and chemical reactions of fullerenes; R. Taylor, A.G. Avent, 
P.R. Birkett, T.J.S. Dennis, J.P. Hare, P.B. Hitchcock. J.H. Holloway, E.G. Hope. H.W. 
Kroto, G.J. Langley, M.F. Meidine, J.P. Parsons and D.R.M. Walton, Pure Appl. Chem., 65, 
135 (1993). 

181 Neutron scattering and SR studies of fullerenes and their derivatives; K. Prassides. 
Physics Scripta, T49. 735 (1993). 
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182 The production and structure of pyrolytic carbon nanotubes (PCNTs); M Endo, K 
Takeuchi, S Igarashi. K Kobori. M Shiraishi and H W Kroto. J. Phys, Chem. Solids. 54, 1841 
(1 993) 
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General Information 



Publication List 


Publications: 1994 - 2000 


Years: 1963 - 1984 1985 - 1993 1994 - 2000 2001 - 2002 

183 Formation of hydrides of fullerene-CgQ and C^^; A.G. Avent, A.D. DanA/ish. D.K. 

Heimbach, H.W. Kroto, M.F. Meidine. J,P. Parsons, C. Remars, R. Roers. O. Ohaslni. R. 
Taylor and D.R.M. Walton, J. Chem, Soc, Perkin Trans. 2, 15 (1994). 

184 Improved chromatographic separation of CgQ and 0^^; A.D. Darwish, H.W. Kroto. R. 
Taylor and D.R.M. Walton, J. Chem. Soc, Chem, Commun,, 15 (1994). 

185 The structure of CgQPhgCI and Cg^PhgH, formed via electrophilic aromatic substitution; 

A.G. Avent, P.R. Birkett. J.D. Crane, A.D. Danwish. G J. Langley. H.W. Kroto. R. Taylor and 
D.R.M. Walton, J. Chem. Soc, Chem. Commun,, 1463 (1994). 

186 Formation of fullerols via hydroboration of ful!erene-Cgo; N.S. Schneider, A.D. Danwish, 
H.W. Kroto, R. Taylor and D.R.M. Walton, J. Chem. Soc, Chem, Commun,, 463 (1994). . 

187 Phosphorus/Buckminsterfullerene intercalation compound, Cq^(P^)2\ I W Locke, A D 

Danwish, H W Kroto, K Prassides, R Taylor and D R M Walton; Chem. Phys. Lett., 225, 186 
(1994) 

188 Pentamethylcyclopentadiene adducts of [60]- and 170]fullerene; M F Meidine, A G 
Avent, A D Danvish, H W Kroto, O Ohashi, R Taylor and D R M Walton, J, Chem. Soc. 
Dalton Trans. 2, 1 189 (1 994) 

189 Reaction of [70]Fullerene with benzyne; A.D. DanA^ish, A.K. Abdul-Sada. GJ. Langley, 
H.W. Kroto. R. Taylor and D.R.M. Walton. J. Chem, Soc, Chem, Commun,, 1. 12133 (1994). 

190 The structure and reactivity of CgQ; H.W. Kroto, R. Taylor and D.R.M. Walton, Pure 
Appl. Chem., 66. 2091 (1994). 

191 The fullerenes - precursors for 21st century materals; A.G Avent, P.R. Birkett. C. 
Christides. J.D. Crane, A.D. Danvish. P.B. Hitchcock. 1 H.W. Kroto. K. Prassides, R. Taylor 
and D.R.M. Walton. PureAppL Chem., 66, 1389 (1994). 

192 The stnjcture of buckminsterfullerene compounds; A.G. Avent, P.R. Birkett, C. 
Christides, J.D. Crane, A.D. Darwish, P.B. Hitchcock. H.W. Kroto, M.F. Meidine. K. 
Prassides, R. Taylor and D.R.M. Walton, J. MoL Struct., 325, 1 (1994). 

193 c/s-Bromine addition to the bicyclopentene addend on [60]Fullerene; M.F. Meidine, A.G. 
Avent. A.D. Danvish, G.J. Langley, W. Locke. O. Ohashi, H.W. Kroto, R. Taylor and D.R.M. 
Walton, J. Chem. Soc. Perkin Trans 2, 2125 (1994). 

194 Smaller carbon species in the laboratory and space; H. W. Kroto, Internal J. Mass 
Spectrometry & Ion Processes, 138. 1 (1994). 
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195 The charisma of Cgo Buckminsterfullerene; H. W. Kroto, MRS. Bull., 19, 21 (1994). 

196 New horizons in carbon chemistry and materials science; H.W. Kroto. J. P. Hare, A. 
Sarkar, K. Hsu, M. Terrones and J.R. Abeysinghe, M.R,S. Bull., 19, 51 (1994). 

197 Formation of fullerene-Cgo by pyrolysis of naphthalene; R. Taylor. H.W. Kroto. D.R.M. 
Walton and G.J. Langley. MoL Mat, 4, 7 (1994). 

198 Phenylation of [60]fullerene; R. Taylor. A.G. Avent, P.R. Birkett, J.D. Crane. A.D. 
Danwish. G.J. Langley, H.W. Kroto and D.R.M. Walton; Novel Forms of Carbon II, MRS., 
349, 107(1994). 

199 Oxygenated species in the products of fluorination of [60]- and [70] Fullerene by fluorine 
gas; R.Taylor, GJ. Langley. J.H. Holloway, E.G. Hope, A.K. Brisdon, H.W. Kroto and D.R.M. 
Walton, J. Chem. Soc, Perkin Trans. 2, 181 (1995). 

200 Formation of methylene adducts of [60]-, [70]-. [78]-, and [84]-fullerenes by reaction of 
fullerene-containing soot extract with THF; P.R. Birkett. A.D. Danwish, H.W. Kroto. G.J. 
Langley. R. Taylor and D.R.M. Walton. J. Chem. Soc. Perkin Trans. 2, 51 1 (1995). 

201 Formation and characterisation of C^oGl^o* ^- Birkett, A.G. Avent, A.D. Darwish, 
H.W. Kroto, R. Taylor and D.R.M. Walton. J. Chem. Soc, Chem. Commun., 683 (1995). 

202 Theoretical characterisation of C-^qCI^q: the role of 1 ,4-addition across hexagonal rings; 
S.J. Austen. P.W. Fowler, J.P.B. Sandall, P.R. Birkett, A.G. Avent, A.D. Danwish, H.W.Kroto. 
R. Taylor and D.R.M. Walton, J. Chem. Soc. Perkin Trans 2, 1027 (1995) 

203 Hemi-toroidal networks in pyrolytic carbon nanotubes; A. Sarkar. M. Endo and H.W. 
Kroto, Carbon, 33 51 (1995). 

204 Holey fullerenesltj A bis-lactone derivative of [70]fulierene with an 11 -atom orifice; P.R. 
Birkett, A.G. Avent, A.D. Danwish, H.W. Kroto, R. Taylor and D.R.M. Walton. J. Chem. Soc, 
Chem. Commun., 1869(1995). 

205 Condensed phase nanotubes; W.K. Hsu, J.P. Hare, M, Terrones. H.W. Kroto and 
D.R.M. Walton. Nature, 377, 687 (1995). 

206 Polyhydrogenation of [60]- and [70]- fullerenes; A.D. Danftrish, A.K, Abdul-Sada, G.J. 
Langley. H.W. Kroto, R. Taylor and D.R.M. Walton, J. Chem, Soc Perkin Trans. 2, 2359 
(1995). 

207 Reaction of [60]fullerene with triethylamine; J. Pola, A.D. Danwish. R.A. Jackson, H.W. 
Kroto. M.F. Meidine, A.J. Abdul-Sada. R. Taylor and D.R.M. Walton, Fullerene Sci, TeohnoL, 
3, 229(1995) 

208 Fonnation of [60]fullerene by pyrolysis of coranulene, 7.10-bis(2,2L-dibromovlnyl)- 
fluoranthene and 11,12-ben2ofluoranthene; C.J. Crowley, H.W. Kroto, R. Taylor. D.R.M. 
Walton, M.S. Bratcher. P.-C. Cheng and LT. Scott; Tetrahedron Lett., 9215 (1995). 

209 Physico-chemical studies on nanotubes and their encapsulated compounds; □ J.P, 
Hare, W.-K. Hsu, H.W.Kroto, A. Lappas, W.K. Maser, A.J. Pierik, K. Prassides, R. Taylor. M. 
Terrones and D.R.M. Walton in \Recent Advances in the Chemistry and Physics oi 
Fullerenes and Related Materialsi. K.M. Kadisch and R.S. Ruoff (Eds), Electrochem. Soc. 
2, 599-620 (1995). 
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210 Nanoscate encapsulation of molybdenum carbide in carbon clusters; J. P. Hare, W-K 
Hsu. H.W. Kroto, A. Lappas, K. Prassides, M. Terrones and D.R.M. Walton. Chem, Mater, 
8, 6-8G (1996). 

211 Synthesis and characterisation of the methanofullerenes, CgolCHCN) and CgoCCBr^); 

A.M. Benito, A.D. Danvish, H.W. Kroto, M.F. Meidine, R. Taylor and D.R.M. Walton, 
Tetrahedron Lett,, 1085-1086 (1996). 

212 Formation of C^^Ph^Q and C^oPhg from the electrophile C^qO^q: P.R. Birkett, A.G. 
Avent, A.D. Danwish. H.W. Kroto, R. Taylor and D.R.M. Walton, Tetrahedron, 52, 5235-5246 
(1996). 

213 Hydrogenation of [76]-, [78]- and [84]fullerenes; A.D. Darwish, H.W. Kroto, R. Taylor 
and D.R.M. Walton. J. Chem, Sac, Parkin Trans. 2, 1415-1418 (1996). 

214 Polyhydrogenation of [60]- and [70]fullerenes with Zn/HCI and Zn/DCI; A.D. Danwish, 
H.W. Kroto, R. Taylor and D.R.M. Walton, Synthetic Mets., T7, 303-307 (1996). 

215 Recent developments in hydrogenation and arytation of [60]- and [70]fullerenes, A.G. 
Avent, P.R, Birkett, A.D. Danwish, H.W. Kroto, R. Taylor and D.R.M. Walton. Mol, Mat,, 7. 
33-40(1996). 

216 Preparation and characterisation of C^o^^^eO*^* ^^^^^ fullerene with a single hydroxy 
group attached to the cage; P.R. Birkett, A.G. Avent, A.D. Danvish, H.W. Kroto, R. Taylor 
and D.R.M. Walton, J. Chem, Soa Chem, Commun,, 1231-1232 (1996). 

217 Electrical, magnetic and structural characterisation of fullerene soots; L.J. Dunne, A.K, 
Sarkar, H.W. Kroto, J. Munn, P. Kathirgamanathan, U. Heinen, J. Fernandez, J.P. Hare, 
D.G. Reid and A.D. Clark, J. Physics-Condensed Matter, 8, 2127-2141 (1996). 

218 Fullerene-based materials science at Sussex, J.P, Hare, W-K. Hsu, M. Terrones, A. 
Sarkar, S.G. Firth, A. Lappas, R. Abeysinghe. H.W. Kroto, K. Prassides, R. Taylor and 
D.R.M. Walton, Mol, Mat,, 7, 17-22 (1996). 

219 Regiochemical clustering in halogenation of Cgo and Cj^] P.R. Birkett, H.W. Kroto, 
RTaylor and D.R.M. Walton, Mol, Mat, 7, 27-32 (1996). 

220 Pyrolytic production of fullerenes; G.J. Crowley, R. Taylor, H.W. Kroto, D.R.M. Walton, 
P-C. Cheng and LT. Scott, Synth, Mets,, 77, 17-22 (1996). 

221 Chlorination and arylation of [60]- and [70]fullerenes; P.R. Birkett, A.D. Danwish, A.G. 
Avent, H.W. Kroto, R. Taylor and D.R.M. Walton, Proc, NATO Workshop, 316, 199-213 
(1996). 

222 Graphitic structures: from planar to spheres, toroids and helices; M Terrones, W-K Hsu, 
J P Hare, H W Kroto, H Terrones and D R M Walton, Phil. Trans. Hoy, Soc. Land., A354, 
2025-2054(1996). 

223 Pyrolytically grown B^CyN^ nanomaterials; nanofibres and nanotubes; M Ten^ones, A M 

Benito, C Manteca-Diego, W-K Hsu, O I Osman, J P Hare, D G Reid, H Terrones, A K 
Cheetham, H W Kroto and D R M Walton, Chem, Phys, Lett, 257, 576-582 (1996). 

224 Metal particle catalysed production of nanoscale BN structures; M Terrones, W-K Hsu, 
H Terrones, J P Zhang, S Ramos, J P Hare, R Castillo, K Prassides. A K Cheetham, H W 
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Kroto and D R M Walton, Chem, Fhys. Lett, 259, 568-573 (1996). 

225 Production of carbon nanotubes and graphitic onions by condensed phase electrolysis; 
W-K Hsu, J P Hare, D G Reid, H W Kroto and D R M Walton in H Kuzmany, J Fink, M 
Mehring and S Roth (Eds), Fulferenes and Fullerene Structures, World Scientific, 1996, pp 
226-231 . 

226 Morphology effects of catalytic particles in pyrolytic grown Bj^CyN^G nanofibres and 

nanotubes; M Terrones, A N Benito, W K Hsu, O I Osman, J P Hare, D G Reid, K Prassides, 
H W Kroto, C Manteca-Diego, H Terrones and D R M Walton in H Kusmany, J Fink, M 
Mehring and S Roth (Eds), Fullerenes and Fullerene Structures, World Scientific, 1996, pp 
243-249. 

227 Electrolytic formation of carbon nanostructures; W-K Hsu, M Terrones, J P Hare, H 
Terrones, H W Kroto and D R M Walton, Chem. Phys. Lett, 262, 161-166 (1996). 

228 Phosphine-catalysed cycloaddition of buta-2,3-dienoates and but-2-ynoates with [60] 
fullerene; B F OUDonovan, P B Hitchcock, M F Meidine, H W Kroto, R Taylor and D R M 
Walton, J. Chem. Soc., Chem, Commun,, 81-82 (1997). 

229 Platinum(0)-[60]fuilerene complexes with chelating phosphine ligands.i.: Synthesis and 
characterisation of (TTC6o)Pt(P-P) [P-P = dppe, dppp]; M van Wijnkoop, M F Meidine, A G 

Avent, A D Darwish, H W Kroto, R Taylor and D R M Walton, J. Chem. Soc. Dalton Trans., 
675-676 (1997). 

230 Preparation and characterisation of unsymmetrical CgQPh^ and symmetrical CgQPh2: the 

effect of regoseiective attack upon CgQCI^; P R Birkett, A G Avent, A D Darwish, H W Kroto, 
R Taylor, D R M Walton, J. Chem. Soc. Perkin Trans. 2, 457-461 (1997) 

231 Arylation of [60]fullerene via electrophilic aromatic substitution involving the electrophile 
CggClg: frontside nucleophilic substitution of fullerenes; P R Birkett, A G Avent, A D Darwish, 

I Hahn, H W Kroto, G J Langley, J OL.Loughlin, R Taylor and D R M Walton, J. Chem. Soc. 
Perkin Trans. 2, 1121 (1997) 

232 Synthesis of nanotubes via catalytic pyrolysis of acetylene: a SEM study; T E Ml.:ller, D 
G Reid, W K Hsu, J P Hare, H W Kroto and D R M Walton, Carbon, 35. 951 (1997) 

233 Controlled production of aligned-nanotube bundles; M Terrones, N Grobert, J Olivares, 
J P Zhang, H Terrones, K Kordatos, W K Hsu, J P Hare, P D Townsend, K Prassides, A 
Gheetham, H W Kroto and D R M Walton, Nature, 388, 52 (1997) 

234 The Diels-Alder adduct of Cy^Phg with anthracene; A G Avent, P R Birkett, A D 
Danwish. H W Kroto, R Taylor and D R M Walton, Fullerene Sci. TechnoL, 5, 643 (1997) 

235 Arylation of Brg/FeClg/PhH: formation of derivatives via CO loss; A D Danwish, P R 

Birkett, G J Langley, H W Kroto, R Taylor and D R M Walton, Fullerene SoL Technol., 5, 705 
(1 997) 

236 Synthetic routes to novel nanomaterials; with M Terrones. W K Hsu. J P Hare, H W 
Kroto and D R M Walton, Fullerene ScL Technol, 5 813 (1997) 

237 The structure of fullerene compounds; with A G Avent, A M Benito, P R Birkett. A D 
Darwish. P B Hitchcock, H W Kroto, 1 W Locke, M F Meidine, B F OUDonovan, K Prassides, 
R Taylor, M van Wijnkoop and D R M Walton, J. Mol. Struct, 436-437, 1-9 (1997) 
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238 Transition metal surface decorated fullerene as possible catalytic agents for the creation 
of single-walled nanotubes of uniformed diameter; P R Birkett, A J Cheetham, B R Eggen, J 
P Hare, H W Kroto and D R M Walton, Chem, Phys. Lett,, 281 , 111 -1 1 4 (1 997) 

239 Symmetry, space, stars and CgQ; H W Kroto, Angew. Chem, Int. Ed, Engl., 36, 1578 

(1997), also Rev. Modern Physics, 69, 703 (1997).L Nobel lectures in Chemistry 1996. Solid 
azafullerenes and azafullerides; K Prassides, F WudI and W Andreoni, Fullerene Sci, 
Techno!., 5, 801 -81 2 (1 997) 

240 Fullerenes; K Prassides, Current Opinion in Solid State and Materials Science, 2, 433- 

439 (1997) 

241 Spontaneous oxidation of CggPh^X (X = H, CI) to a benzo[b]furanyl[60]fullerene; A G 

Avent, P R Birkett, A D Danwish, H W Kroto, R Taylor and D R M Walton, J. Chem. Soa, 
Chem. CommL ^ un„ 1579-1580 (1997) 

242 Novel nanotubes and encapsulated nanowires; M Terrones, W K Hsu, A Schilder, H 
Terrenes. N Grobert, J P Hare, Y Q Zhu, M Schwoerer, K Prassides, H W Kroto and D R M 
Walton, Appl. Phys. A, 66. 307-317 (1998) 

243 Novel formation of a phenyiated isoquinolino[3 ,4'':1,2][60]fullerene; A K Abdul-Sada, A 
G Avent, P R Birkett, A D Darwish, H W Kroto, R Taylor, D R M Walton and O B 
Woodhouse, J. Chem. Sac, Chem. Commun., 307-308 (1998) 

244 A hexaallyl[60]fullerene. C6o(CH2CH=CH2)e; A K Abdul-Sada, A G Avent. P R Birkett, H 
W Kroto, R Taylor and D R M Walton, J. Chem. Soc, Perf<in Trans. 1, 393-395 (1998). 

245 Electrochemical formation of novel nanowires and their dynamic effects; W K Hsu, M 
Terrones, H Terrones, N Grobert, A I Kirkland, J P Hare, K Prassides, P D Townsend, H W 
Kroto and D R M Walton, Chem. Phys. Lett., 284, 177-183 (1998). 

246 Preparation of aligned carbon nanotubes catalysed by laser-etched cobalt thin films; M 
Terrones. N Grobert. J P Zhang. H Terrones, J Olivares, W K Hsu, J P Hare. A K Cheetham. 
H W Kroto and D R M Walton, Chem, Phys. Lett., 285. 299-305 (1998) 

247 3D silicon oxide nanostructures from nanoflowers to radiolaria; Y Q Zhu, W K Hsu. M 
Terrones, N Grobert, H Terrones, J P Hare, H W Kroto and D R M Walton, J. Mater. Chem., 
8, 1859-1862 (1998) 

248 Pyrolysis of CgQ-thin films yields Ni-filled sharp nanotubes; N Grobert. M Terrones, A J 

Osborne, H Terrones, W K Hsu, S Trasobares, Y Q Zhu, J P Hare, H W Kroto and D R M 
Walton, in H Kuzmany et al. (Eds) Proc, XII Internal Winterschool on Electronic Properties 
of Novel Materials - Progress in Molecular Nanostructures, AlP Conf. Proc. 442, 1998, p 25 

249 Nanotechnology of nanotubes and nanowires: from aligned carbon nanotubes to silicon 
oxide nanowires; N Grobert. J P Hare, W K Hsu, H W Kroto, r a J Pidduck, C L Reeves, H 
Terrones, M Terrones, S Trasobares, C Vizard, D J Wallis. D R M Walton, P J Wright and Y 
Q Zhu, in H Kuzmany etaL (Eds) Proc. XII Internal Winterschool on Electronic Properties o1 
Novel Materials - Progress in Molecular Nanostructures, AlP Conf. Proc. 442. 1 998, p 29 

250 Stable [60]fullerene carbocations; A G Avent, P R Birkett, H W Kroto, R Taylor and D R 
M Walton, Chem, Common., 21 53-21 54 (1 998) 

251 Functionalised fullerenes on silicon surfaces; M D Upward, P Moriarty. P H Beton, P R 
Birkett. H W Kroto. R Taylor and D R M Walton, Surface Sci, 405, 526-531 (1998) 
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252 Photophysical properties of some hexa-functionalized Cg^ derivatives; P.-F Coheur, J 

Cornil, D A dos Santos, P R Birkett, J LiL vin, J L BrCdas, J.-M. Janot, P Seta, S Leach, D R 
M Walton, R Taylor, H W Kroto and R Colin, Recent Advances in the Chemistry and Physics 
ofFullerenes and Related Materials, Electrochem. Soc, 6, 1140 (1998) 

253 Thermolysis of Cg^ thin films yields Ni-filled tapered nanotubes; N Grobert, M Terrones. 

A J Osborne, H Terrones, W K Hsu, 8 Trasobares, Y Q Zhu, J P Hare, H W Kroto, D R M 
Walton. AppL Phys, A, 67, 595 (1998) 

254 Nanotubes: A revolution in materials science and electronics; M Terrones, W K Hsu, H 
W Kroto and D R M Walton, in A Hirsch (Ed) Topics in Current Chemistry, 199, 189-234 
(1998) 

255 Electrochemical production of low-melting metal nanowires; W K Hsu, J Li, H Terrones, 
M Terrones, N Grobert. Y Q Zhu, S Trasobares, J P Hare, C J Pickett, H W Kroto and D R M 
Walton, Chem. Phys, Lett., 301, 159-166 (1999) 

256 Large-scale synthesis of carbon nanotubes by pyrolysis; K Tanaka, M Endo, K 
Takeuchi, W K Hsu, H W Kroto, M Terrones and D R M Walton, The Science and 
Technology of Carbon Nanotubes, K Tanaka, T Yamabe and K Fukui (Eds) Elsevier, 1999, 
Ch 11, pp 143-152 

257 Solid phase production of carbon nanotubes; W K Hsu, Y Q Zhu, S Trasobares, H 
Terrones, M Terrones, N Grobert, H Takikawa, J P Hare, H W Kroto and D R M Walton, 
AppL Phys. A, Rapid Commun., 68, 493 (1999) 

258 New science for new materials; J P Attfield, R L Johnston, H W Kroto and K Prassides, 
in N Hall (Ed.). The Age of the Molecule, Royal Society of Chemistry, London, 1999, pp 181- 
208. 

259 Carbon nitride nanocomposites: fomnation of aligned Cj^N^ nanofibres; M Terrones, P 

Redlich, N Grobert, S Trasobares, W K Hsu. H Terrones, Y Q Zhu, J P Hare, C L Reeves, A 
K Cheetham, M R Jhle, H W Kroto and D R M Walton, Advan. Mater., 11, 655-658 (1999) 

260 Photophysical properties of CggClg, CgoPhgCI and CgQPh^H; P-F Coheur, J Comil, D A 

dos Santos, P R Birkett, J LiLvin, J L Bri :das, J-M Janot, P Seta, S Leach, D R M Walton, R 
Taylor, H W Kroto and R Colin, Synthetic Mets, 103, 2407-2410 (1999) 

261 Advances in the creation of filled nanotubes and novel nanowires; M Terrones, N 
Grobert, W K Hsu, Y Q Zhu, W B Hu, H Terrones, J P Hare, H W Kroto and D R M Walton, 
MRS BulL 24, 43-49 (1999) 

262 Tungsten oxide tree-like structures; Y Q Zhu, W Hu, W K Hsu, M Terrones, N Grobert, J 
P Hare, H W Kroto, D R M Walton and H Terrones, Chem. Phys, Lett,, 309, 327-334 (1999) 

263 Electrolytic formation of carbon-sheathed mixed Sn-Pb-nanowires; W K Hsu, S 
Trasobares, H Terrones, M Terrones, N Grobert, Y Q Zhu, W Z Li. R Escudero, J P Hare, H 
W Kroto and D R M Walton, Chem. Mater,, 11, 1747-1751 (1999) 

264 A simple route to silicon-based nanostructures; Y Q Zhu, W B Hu. W K Hsu, M 
Terrones, N Grobert, T Karati. H Terrones, J P Hare, P D Townsend, H W Kroto and D R M 
Walton, Advan. Mater., 11, 844-847 (1999) 

265 Microscopy study of the growth process and. stmctural features of silicon oxide 
nanoflowers; Y Q Zhu, W K Hsu. M Terrones, N Grobert. W B Hu, J P Hare, H W Kroto and 
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D R M Walton, Chem. Mater, 11, 2709-2715 (1999) 

266 Stable BC2N nanostructures; low temperature production of segregated C/BN layered 

materials; Ph. Kohler-Redlich, M Terrones, C Manteca-Deigo, W K Hsu, H Terrones, M 
RLhIe, H W Kroto and D R M Walton, Chem. Phys, Lett., 310, 459-465 (1999) 

267 Enhanced magnetic coercivities in Fe nanowires; N Grobert, M Terrones, Ph Redlich, H 
Terrones, R Escudero, F Morales, W K Hsu, Y Q Zhu, J P Hare, M Rl. hie, H W Kroto and D 
R M Walton. Appi Phys. Lett., 75, 3363-3364 (1999) 

268 SiC-SIOj^ heterojunctions in nanowires; Y Q Zhu, W B Hu, W K Hsu, M Terrones, N 
Grobert. J P Hare, H W Kroto and D R M Walton, J. Mater. Chem., 9, 3173-3178 (1999) 

269 An efficient route to large arrays of CN,^ nanofibres by pyrolysis of ferrocene/melamine 

mixtures; MTerrones, H Terrones, N Grobert, W K Hsu, Y Q Zhu, J P Hare. H W Kroto, D R 
M Walton, Ph Kohler-Rediich, M Rl hie, J P Zhang and A K Cheetham, AppL Phys. Lett., 
75,3932-3934 (1999) 

270 Novel base-catalysed formation of ben2o(b;furano[60]- and [70] fullerenes; A D 
Danwish, A G Avent, H W Kroto, R Taylor and D R M Walton, J. Chem. Soa, Perkin Trans. 
2, 1983-1988(1999) 

271 New advances in the creation of nanostructured materials; N Grobert, J P Hare, W-K 
Hsu, H W Kroto, M Terrones, D R M Walton and Y K Zhu, Pure AppL Chem., 71. 2125-2130 
(1999) 

272 A novel route to aligned nanotubes and nanofibres using laser patterned catalytic 
substrates; N Grobert, M Terrones, S Trasobares, K Kordatos, H Terrones, J Olivares, J P 
Zhang, Ph Redlich, W K Hsu. C L Reeves. D J Wallis, Y Q Zhu. J P Hare, A J Pidduck, H W 
Kroto and D R M Walton. AppL Phys. A., 70, 175-183 (2000) 

273 Generation of hollow crystalline tungsten oxide fibres; W B Hu. Y Q Zhu, W K Hsu, B H 
Chang. M Terrones, N Grobert, H Terrones, J P Hare, H W Kroto and D R M Walton, AppL 
Phys. A, 70. 231- 

274 NaCI crystallisation within the space between carbon nanotube walls; W K Hsu, W Z Li, 
Y Q Zhu, M Terrones. H Terrones, N Yao. J P Zhang. S Firth. R J H Clark. N Grobert. L A K 
Cheetham. H W Kroto and D R M Walton, Chem. Phys. Lett., 317. 77-82 (2000) 

275 Boron-doping effects in carbon nanotubes; W K Hsu, S Firth. Ph Redlich, M Terrones, □ 
H Terrones, Y Q Zhu. N Grobert. A Schilder, R J H Clark. H W Kroto and D R M Walton, DG 
J. Mater. Chem., 10, 1425-1429 (2000) 

276 Self-assembly of Si nanostructures; Y Q Zhu, W K Hsu, N Grobert. M Terrones, H 
Terrones, . . H W Kroto, D R M Walton and B Q Wei. Chem. Phys. Lett, 322. 312-320 (2000) 

277 J L BrLdas, D R M Walton, R Taylor, H W Kroto and R Colin. J. Chem. Phys., 112, 
6371-6781 (2000) 

278 Production of WS2 nanotubes; Y Q Zhu. W K Hsu. N Grobert. B H Chang. M Terrones, 
H Terrones, H W Kroto, D R M Walton and B Q Wei. Chem. Mater., 12, 1190 (2000) 

279 Carbon nanotubes as nanoreactors for bonding iron nanowires; W-Q Han, P K Redlich, 
C Scheu. F Ernst, M RLhIe, N Grobert, M Terrones, H W Kroto and D R M Walton. Adv. 
Mater., 12, 1356-1359 (2000) 
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280 Metallic behaviour of boron-containing carbon nanotubes; W K Hsu, S Y Chu, E 

Munoz-Picone, J L Boldu, S Firth, P Franchi. P B Roberts, A Schilder. H Terrenes, N 

Grobert, Y Q Zhu, M Terrenes, M E McHenry, H W Kroto and D R M Walton, Chem, Phys. 
Lett.,L 323. 572-579 (2000) 

281 An alternative route to molybdenum disulfide nanotubes; W K Hsu, B H Chang, Y Q 
Zhu,L Y Q Han, H Terrenes. M Terrones, N Grobert, A K Cheetham, H W Kroto and D R M 
Walton, J. Am, Chem, Soc, 122, 10155-10158 (2000) 

282 Morphology, structure and growth of WS2 nanotubes; Y Q Zhu, W K Hsu, H Terrones, N 

Grobert, B H Chang, M Terrones, B Q Wei, H W Kroto, D R M Walton, C B Boothroyd, I 
Kiniock, G Z Chen, A H Windle and D J Fray, J. Mater. Chem. 10, 2570-2577 (2000) 

283 Mixed phase W^Mo^C^Sg nanotubes; W K Hsu, Y Q Zhu, C B Boothroyd, I Kinloch, S 

Trasobares, H Terrones, N Grobert, M Terrones, R Escudero, G Z Chen, C Colliex.D A H 
Windle, D J Fray, H W Kroto and D R M Walton, Chem. Mater, 12, 3541-3546 (2000) 

284 C-M0S2 and C-WS2 nanocomposites; W K Hsu, Y Q Zhu, H W Kroto. D R M Walton, U 
R.Kamalakaran, M Terrones, AppL Phys. Lett, 77, 4130-4132 (2000) 

285 Aligned CN^^ nanotubes by pyrolysis of ferrocene/CgQ under NH3 atmosphere; W-Q Han, 

P Kohler-Redlich, T Seeger, F Ernst, M RLhIe. N Grobert. W-K Hsu, B-H Chang, Y-Q Zhu, 
H W Kroto, D R M Walton. M Terrones and H Ten^ones, Appl. Phys. Lett., 77, 1807-1809 
(2000) 

286 CggF^gO, the first characterised intramolecular fullerene ether; O V Boltalina, B de La 

VaissiC, P W Fowler. P B Hitchcock. J P B Sandell. P A Troshin and R Taylor. Chem. 
Common., 1325 (2000) 

287 Cathodoluminescence of fullerene Cg^; A P Rowlands, T Karali, M Terrones. N Grobert, 
P D Townsend and K Kordatos, J. Phys. Condensed Matter, 12. 7869-7878 (2000) 

288 Photophysical properties of hexa-functionalised Cqq derivatives: spectroscopic and 

quantum-chemical investigations; P-F Coheur, J Cornil, D A dos Santos, P R Birkett, J 
LiLvin, J L Br_das, D R M Walton, R Taylor, H W Kroto and R Coiin, J. Chem. Phys., 112, 
8555 (2000) 
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Years: 1963 - 1984 1985 - 1993 1994 - 2000 2001 - 2002 

289 W^MOyC^Sg nanotubes; W K Hsu, Y Q Zhu, S Firth. M Terrones, H Terrones, S 
Trasobares, R J H Clark, H W Kroto and D R M Walton; Carbon, 39. 1 103-1 116 (2001) 

290 Tungsten-niobium-sulfur composite nanotubes; Y Q Zhu. W K Hsu, M Terrones. S Firth, 
N Grobert. R J H Clark, H W Kroto and D R M Walton, Chem, Comm., 121-122 (2001) 

291 Preparation and characterisation of two [70]fullerene diois, C7QPhQ(OH)2; A G Avent, P 

R Birkett, A D Danwish, H W Kroto, R Taylor and D R M Walton. J. Chem, Soa. Perkin 
Trans, Z 68 (2001) 

292 Titanium-doped molybdenum disulfide nanostructures; W K Hsu. Y Q Zhu, N Yao, S 
Firth.L J R J H Clark, H W Kroto and D R M Walton. Adv, Functional Mat, 11, 69 (2001) 

293 Pyrolytic production of aligned carbon nanotubes from homogeneously dispersed 
benzene-based aerosols; M Mayne, N Grobert, M Terrones, R Kamalakaran, M RLhIe, H W 
Kroto and D R M Walton, Chem, Phys. Lett,, 338. 101-107 (2001) 

294 Nb-doped WSg nanotubes; Y Q Zhu, W K Hsu, S Firth. M Terrones. R J H Clark, H W 
Kroto and D R M Walton, Chem. Phys. Lett,, 342. 15-21 (2001) 

295 A low resistence boron-doped carbon nanotube-polystyrene complex; P C P Watts, W K 
Hsu, G Z Cheng, D J Fray, H W Kroto and D R M Walton. J. Mat, Chem,, 11, 2482 (2001) 

296 Electron beam puncturing of carbon nanotube containers for release of stored nitrogen 
gas;l.:LL: S Trasobares, 0 StLphan, C CoHiex. G Hug. W K Hsu, H W Kroto and D R M 
Walton, Eur, Phys. J S. 22, 117 (2001) 

297 Tungsten disulphide sheathed carbon nanotubes; R L D Whitby. W K Hsu, P K Fearon, 
H W Kroto. D R M Walton and C B Boothroyd, Chem. Phys, Chem,, 2. 620 (2001) 

298 SiOj^-coating of carbon nanotubes at room temperature; T Seeger, Ph Redlich, N 

Grobert, M Terrones, D R M Walton, H W Kroto and M RLhIe. Chem, Phys, Lett., 339, 41- 
46 (2001) 

299 Carbon nanotube templated promoted growth of NbSg nanotubes/nanorods; Y Q Zhu, 
W K Hsu. H W Kroto and D R M Walton, Chem. Comm.r 2184 (2001) 

300 Selective Co-catalysed growth of novel MgO fishbone fractal nanostructures; Y Q Zhu, 
W K Hsu, W Z Zhou, M Ten-ones, H W Kroto and D R M Walton. Chem, Phys, Lett, 347, 
337 (2001) 
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301 Novel nanostructures: from metal-filled carbon nanotubes to MgO nanoferns; N 
Grobert.LC-L W K Hsu, H W Kroto, M Mayne, M Terrenes, P C P Watts, R L D Whitby, D 
R M Walton and Y Q Zhu, in Perspectives of Fullerene Nanotechnology, E Osawa (Ed), 
KluwerAP (proofs 09 Oct 2001) 

302 Some 4-fluorophenyl derivatives of [60]fullerene: oxide-induced fragmentation to Cgg; A 
D DanA^ish, A G Avent, P R Birkett, H W Kroto, R Taylor and D R M Walton, J. Chem, Soc, 
Perkin Trans, 2, 782 (2001) 

303 WSg nanotubes containing single-walled carbon nanotube bundles; R L D Whitby, W K 
Hsu, PGP Watts, H W Kroto and D R M Walton, AppL Phys, Lett., 79, 4574 (2001) 

304 Complex WS2 nanostructures; R L D Whitby, W K Hsu, T H Lee, C B Boothroyd, H W 
Kroto and D R M Walton, Chem. Phys. Lett., (proofs 13 May 2002) 

305 Camphor-based carbon nanotubes as an anode in lithium secondary batteries; M 
Sharon, W K Hsu, H W Kroto, D R M Walton, A Kawahara, T Ishihara and Y Takita, J. 
Power Sources, 1 04, 1 48 (2002) 

306 Field emission from non-aligned carbon nanotubes embedded in a polystyrene matrix; 
C H Poa, S R P Silva, P C P Watts, W K Hsu, H W Kroto and D R M Walton, Appl. Phys. 
Lett., (proofs checked 04 April 2002) 

307 Novel SiO^-coated carbon nanotubes; M RLhle, T Seeger, Ph Redlich, N Grobert,L M 
Terrones, D R M Walton and H W Kroto, J. Ceramic Processing Research, 3, 1 (2002) 

308 Multi-walled carbon nanotubes coated with tungsten disulphide; R L D Whitby, W K 
Hsu, P K Fearon, N C Billingham, I Maurin, H W Kroto, D R M Walton, C B Boothroyd, S 
Firth, R J H Clark and D Collison, Chem. Mater., 14, 2209 (2002) 

309 Compartmentalised CN^^ nanotubes; Chemistry, morphology and growth; S Trasobares, 
O Stephan. G Hug, C Colliex, W K Hsu, H W Kroto and D R M Walton, J. Chem. Phys., 116, 
8966 (2002) 

310 Hollow cathode plasma synthesis of carbon nanofiber arrays at low temperature; A 
Huczko, H Lange, M Sioda. Y Q Zhu, W K Hsu, H W Kroto and D R M Walton, J. Chem. 
Phys,, 106, 1534 (2002) 

311 Tungsten disulphide coated multi-walled carbon nanotubes; R L D Whitby, W K Hsu, C 
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/ InfroduciSon 

^this fecinating field. Although Welmer and Van 
Zees review is comprehensive (up to Nov 1. 1388). 
S^eri^ sU aspects rfcarbon duster properti^ recent 

{FiEure 1) indicate that a specialized review is neo^ 
uiTtoe y; The existence of the fullerenes as a famdy 
W T^hUn established and it is useful ^ use a a«- 

venient nomenclature ^""^""SfTh^^ 
en-.70 which can apply to the whole family. There are 
" «ur3e n^erous^ible C« and ojge -som^ 
however here we shall, in general, mean the most 
dSy stable cages for which there is now no douW 
inthe case of the 60 and 70 atom species— they are 
U^SlS^n^ «»d (i),.)f«5erene.70 where st^dajd 
ssiunetiy labeh have been added as prefixes. Sine* the 
S^of fuUerene^ -nd its "PO^^^^^^^*^ 
have ramifications in numerous areas from the P^P^ 
^« Carbonaceous solids «id 
c^^bustion, thermolysis, and synthetic 
. to the nature of the carbonaceous eonsutuents of 
- Troaec these impUcations are also survey^ 

•^E^Tseri^ of experiments in ^^/^^±P''^ 
theSe and chemical reactivity of the »P^^J^ 
duc«i during the nudeation of a oabon plasm. Ae 
sp^es wMdiacovered to be stable by Kioto. Heath, 
oSi, Sri ai-d Smaney.» U was proposed that this 
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a. underslanfijg '^„^;;^'^sJ^^ ^TuLersny is 
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Sussec University. 

stabUity was due to geodesic and electronic properties 
iTerent in the trun'cated icosah«lral -^^F^^ 
shown m Figure I and the molecule ""."""'^^^^^^ 
BinsterfuUerene. This novel proposal did =ot receive 
instant universal acceptance since it af,p^^ ^ h^ 
been based oniighly circumstantial evidence. Indeed 
sis nWd^ that there was a significant degree of 
LceptiSTm in the minds of some with regard w the 
valfdity of the proposal, perhaps because the evider^e 

was dbpersed among '^'^V ^^I^^S^^^^ 
vations. much like the way that Ca, «t«^ °f H^^rC^ 
^^^Ibe invoWed in many processes mvdvmg Carbon 
S'?^;;^ent and space. However, sy^ms pv;m6 

itons suteequent to the discovery Papet.' and some 
im^rtant ^nts evolved which are worthy of high- 

" • (DA^th of convindng experiment^ evidence was 

jTed that showed that C«, P^^^'^^J'^^Se^; 
icochemical staMity-* conchoion totaDy mdepenoem 
of the cage structure proposaL , 

(in T^e fuUerene cage proposid was smplesl and 
mcLt elaant explanation of the unique behavior and 
r^Sdt^tive explanation was ever presented. 
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Ficure I. C« buckroinsierfullerene ' 

(iii) The proposal was consisieni many earlier 
obacrvations on bulk carbon and clarir.ed some previ- 
ousiv unexplained phenomena in carbon chemistry. 

The fuUerene structuraJ proposal has recently been 
conHrmed by complementary observations froin 
groups. Kraischmer. Lamb, Fostiropoulos, and Huff- 
man/ in foUowing up their earlier IR mvesUgauon (m 
1989)* which sUBBCsted that C«, might be present m 
arc-processed graphite, extracted a f >"ble matenal 
which formed cr>-stals. The X-ray analysis showed the 
material to consist of lO-A diameter spheroidal.mole. 
cules and supplementary mass specirometnc and in- 
frared data provided the First unequivocal evidence for 
(and C^. In a parallel independent investiBation 
which probed this same original key observation. 
Taylor, Hare, Abdul-Sada. and Kroto^ found that sim- 
ilarly arc-processed graphite gave rise ^ 720 
peak, commensurate with the presertce of fuUerene-60. 
and that this material was soluble and could be ex- 
tracted direcUv. The exuacted compound yielded 
B single ^K: NMR line which proved that all 60 carbon 
atoms are equivalent as expected for the truncated 
icosahedral buckminsterfullerene structure. Taylor et 
fll. also showed that and 0^ can be separated 
chromatographically and that the latter has the 
prolate, ellipsoidal structure first suggested by Heath 
et al.« These results provide further support for the 
conjecture that « whole family of fuUerencs exists. ^ 
Since these revelations, which are drscuwted fiurthfer 
in section IX the fuUerene field has exploded end nu- 
merous groups are probing various facets of physico- 
chemical properties of the fuUerenes. Indeed a new field 
of carbon chemistry has been bom, and U»e fiM fal- 
tering steps of the promising infant are dwcnbed m 
secUon X. Thus this review is particularly timely as it 
is written at the precise moment when the fmal sen- 
tence in the last paragraph of the /irst chapter m the 
Btoiy of the fuUerenes has been completed. The open- 
ing para^phs in the nett chapter a^.JJ|»J^*>«"*e 
written and they herald a new era in which the Hat 
world of polycydic aromatic chemistry hM been re- 
placed by a postbuckmisterfuUercnc one m which round 
structures are favored under certain surpnsu^ com- 
mon drcumstances." This article reviews the buck- 
minsterfullerene story from the time when it was just 
a twinkle in the eyes of a few Imaginative theoretioam, 
through the experiments which revealed that it actua^ 
formed spontaneously and exhibited stabiUty to the 
most recent revelations that it could be isolated and did 
rodeed possess the round hollow cage structure as 




FSrurc 2. DiacTWn of C« nexi u> an icosfthedronpublisSed in 
Xht\Zk Aro^ticity by Yoshida and Qsawa." Thc« author, 
dbcuss (in Japanese* the -luperaromaucux j^h.ch mighl «- 
companv clecuon delocaJiiaiion over a three dtmenstonal tnin- 
cated icosahedral pure carbon molecule. 

proposed. As many contributions to the sior>- as could 
be traced by Dec 1990 are included. 

//. Summary of Refevanf Carbon Studies Prior 
to the Discovery of Cgo Stability 

At least part of the reason for the degree of interest 
engendered by the buctminster fuUerene proposal re- 
volves arovmd its high degree of symmetry. Mankind 
has always been fascinated by symmetric objects in- 
deed stone artifacts with the form of the Platonic sobds. 
dating back to neolithic times, have been found in 
Scotland " indicating that human beings have long had 
a spiritual affinity with abstract symmeuy and an 
aesthetic fascmation for symmetric objects. The trun- 
cated icosahedron is one of the Archimedian sem- 
iiegular soUds; however in hollow form an early example 
appears- in the book De Divina Proport tone hy Ftb 
Lucia PacioU. A reproduction of tWs dra^^^^ 
nardo Da Vinci entiUed -VCOSEDRON ABSCISVS 
VACWS" is to be found in the book The Unknown 
Uonardo}'^ which is rather more accessible than the 

original! _ ^ , . 

The Cgo molecule itself was first suggested m a most 
imaginative and prescient paper by Osawa in 1970" and 
discussed further in a qhapter on -Superaromaticity 
in a book by Yoshida and Osawa" in 1971; the original 
diagram is depicted in Figure 2. An equally imagma- 
tive article, which actually predates this wort was 
written in 19G6 by Jones in which he conjectured on the 
possibility of making large hoUow carbon cages.^ The 
next paper was that of Bochvar and Gal pern in 19 
who also published a Huckel calculation on Ceo-' « 
1980 Davidson published a paper which used graph 
theory to deduce an algebraic solution of the Huckel 
calculation for funerene^.** Davidson^s orbital cner©^ 

level diagram, depicted in Figure 3. was determined ^ 
• using a calcuUtor, and this paper contains an unusually 

prescient paragraph in the Ught of recent observaUons 
(particularly those in secUon VII): "Should such 
structures or higher homologs ever be rationaUy syn- 
thesized or obteined by pyrolytic routes from carbon 
polymers, they would be the first mamfesteUoiw oi 
authentic discrete three-dimensional aromaticity. 
Haymct s study» on this molecule coincided very 

closely with its discovery in 1985.' 
On the erperimentalfront there were many very itD- 

portant early papers on carbon clusters and these have 
Sready been reviewed.^ Perhaps the most interesOiJ 
early carbon duster papers (and the ones which m to^ 
actually stimulated the discovery cipenroents) were 
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Figure 3. The Hiickel molecular orbiul calculation for buck- 
miiMierfullerene was carried out by Bocbva/ and Gal'pem'' " . 
(1973) and Davidson" (1980), prior to. and by Haymel" (1985) 
coincidejitaDy with, ito discovery. The orbital energy level diaerain 
(unita ofS) depicted here is lh*l published b/ Davidson" who 
determined il using graph theory* lo obtain simplified algebraic 
relations which were evaluated with a calculator (reprinted from " 
ref 19; copyright 1981 Springer- Vcrlag Publisher*). 

those published by Hinienberger and co-workers in 
1959-63^''-^ in which-it was shown thai species with up 
to 33 carbon atoms could form in a carbon arc. The 
next important advance was made by Rohlfing. Cox. 
and Kaldor^ in 1984 who found that much larger car- 
bon clusters (C, with n = 30-190) could be produced 
by vaporisation of graphite (Figure 4). Rohlfing et al. 
used the supersonic nozzle, laser vaporization technique 
developed by Sraalley and co-workeis at Rice Univer- 
sity^ in 1981. In this technicjue clusters are made by 
laser vaporization of refractory materials into a pulse 
of helium or argon in the ihroat of a 3Uf>ersomc nozzle. 
The vaporized .material nucleates in the gas pulse which 
then expands supersonically into a vacuum chamber 
where it cools and is skimmed- The skimmed beam 
passes into a second chamber where the entrained 
clusters are ionized by a second laser ptilse and the 
cluster ion mass distributions determined by time of 
flight mass spectrometry (TOF- MS). The mass spec- 
trum observed by Rohlfing et al.^ is shown in Figure 
4; they pointed out that only ions with even numbers 
of carbon atoms were observable for the new family of 
clusters with more than 30 carbon atoms. Packing or 
magic number effects are very weak under these con- 
ditions." Bkwmfield et aL" also studied carbon clusters 
by the same technique and observed both positive and 
negative even numbered ions. They also studied the 
fragmentation behavior of the new family and in par- 
ticular chose the C^o cluster for further study and 
showed that it could be photodecomposed with S32-am 
roultiphoton laser radiatiotu 

///. The DlscoYBry of 0^,; 
BuckminstBrfidferene 

In September 1965 the reactions of carbon clusters 
were investigated by the Rice/Sussex group.*^-" These 
experiments were aimed at simulating the conditions 
under which cartx>n nucleates in the atmospheres of 
cool-N*type red giant stars. Circumstantial evidence 
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Firure 4. Ttme-of-niphi mass spectrum, ^bscn-ed by RoKlf:nE. 
Coi and Kaldor.^ of caroon cluster? prooucco by laser vap'in- 
zation of graphite. In this expenmeni ca/bon ciusterii with ^1*0 
atoms were oeiected for the finii urne. Tht^* >tudics sfh***d that 
only even-numbered clusters H.ere stable • reprinted from rel* ^6. 
ccypyrtght 19S4 the- American Instiiuu u: Fhysioii. 

sources of the long carbon chain molecules in ihe in- 
terstellar medium and in particular ihai the formation 
process might be related in some imp*)nant u.*ay lo sooi 
formation.^^ The iniecsiellar c>*anopoI>->-nes iHC.,N m 
= were discovered by a sxTiereistic combination 

of laboratory' microwave spectroscopy experiments.'^-** 
theoretical analysis.*** and observauonaJ radioastrono- 
jjjy 3&-J9 Yhe cluster beam experiments showed con- 
vincingly that species such as HC-N and HC9K. which 
had been detected in space,^" could be produced by 
such laboratorv simulations of the conditions in carbon 
stars.^-^ A second motivation for probing laser va- . 
porization of graphiu was the question* of whether 
carbon clusters were associated with the so-called dif- 
fuse interstellar bands as Douglas had proposed in 
1977.*** The development of resonant 2- photon ioniza- 
tion in conjunction with the cluster beam technique to 
obtain the high-resolution spectrum of SiCj by Mic- 
halopoulos et aL** suggested that the electronic sj>ectra 
of carbon* dusters might be accessible by this technique. 
During the couree of the experiments"-^ which probed 
the behavior of the pure carbon clusters a striking 
discovery was made — under some clustering conditions 
the 720 rTiflg<i peak appeared to be extremely strong 
(Figure 5).* Indeed the intensity of the peak, 
relative to the adjacent cluster distribution, could be 
varied dramatically just by altering the conditions. In 
particular, conditions could be found for which the mass 
spectrum was totally dominated by the C50 peak — at 
least in the mass range accessible (Figure 6). It was 
concluded that must be particularly stable to further 
nudeation and it was proposed that this might be ex- 
plained by the geodesic factors inherent in a trtmcated 
icosahedral cage structure in which all the atoms were 
connected by sp' bonds and the remaining 60 t elec- 
trons distributed in such a way that aromatic character 
appeared highly likely.' 

In these experiments it was found that the C70 peak 
also showed clear enhancement although to a lesser 
extent; the C«i/(^» ratio was ca. 5/1 in general In 
previous experiments*"'-" the Csd/CCIsb or Cez) "itio was 
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Finue «. Time-of-fligfat nuBS ipocbnim carbon diwtett p»duasd 
byWer vaporiration of graphite under the optonura cooditioM 
fOT obaervation of a dominant C« duster «gnaL» Note abo the 
prominence of Oj^ 

conditions were found in whidi a raUo of 20/ 1 or more 
was achieved (Figure 6), It was soon realized Uiat al- 
though C„ generally appeared f airiy special, the con- 
ditions under which it appeared dominant were rather 
unusual They were conditions in which the major 
fraction of the carbon had nudeated to f orm xnacro- 
Bcopic particles too large to be detectable by the mass 
spectrometer. Thus it wfis recognized that the aignal 
ahown in Figure 6 shows the -small' carbon specjw 
which remain when the microparticics have formed. 
Due to the fact that geodesic structural concepts were 
a (nude to the hollow cage structural explanation that 


Ficn« 7. The lUPAC name of fufletene^ detenmned by 
computer analyBia — according to P. Koae. 

cule was named after Budminstcr FuUer. the inventor - 
of the gwdesic domes.** Although the name chosen, 
buckminstcrfullerene'^ b a UtUe long,*^« it is not as 
W as the lUPAC alternative and not as cUfficolt to 
pronounce (Figure 7)«.and certainly not as difficult to 
derive!*^*" The name fuflerene can be convementiy ana 
appositely used for the whole family of dos^ carbon 
cages with the 12 pentagons and N (other than on^ 
^iagons in an sp» network.*^** For several reasons^ 
iMst the problem of ambiguity with mtcrtiatooMl sporte 
nomenclature, some other names are probably not as 
satisfactorr. they are certainly less cnlightenmg. 
Since the bucfaninstcrfuDcrene detection paper 
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-rt>rk ha3 been carried out. Two complemeniarv ac- 
^ints covering many of the imporiani genera- :mpli- 
^tions and experimeniaJ observaiions have been Eiven 
by Kroto" and Curl ard Smallcy.*^ More focused ac- 
counts have also been published dealing mainiv u nh 
experimeniaJ obserxaiiuns.""'^ asiroph>-sicai :r^Pi:ia- 
tioni,*"^ symmciry and siruclure consideraiM'n^.^i^ 
fullerene-60'. and ihe icosahedrai giapi fuller^re^ 
The chemical implicailnns have also be*n discussed bv 
Krouj" and Kroio and Walton.*** Hrrota® and Heaih*^ 
discuss fuIlerene-60 as well as other novel rarbon 
molecules. 

IV. Sources of Cg^ 

Id the original work, which showed how conditions 
could be achieved to produce a signal in which tne Ct^ 
peak was dominant, the pulsed nozzle /laser vap^^nza- 
tion ledinique* was used to produce the clusters Irom 
a graphite target and phoioionization TOF-MS used lo 
detect them. The laser- produced plasma eipand?:d mvo 
B high pressure (ca. I-IO atm) of He and the larcei 
graphite surface was continually replenished so That the 
surface remained essentially flat. A nozzle extender was 
used to increase the clustering time prior to ex pan?. ion 
to ca. 100 ;a and the high He pressure increased the 
nudeation rate. .Mthough iriiiially it was cbniectured 
that perhaps graphitic sheet fragments might have been 
ablated from the graphiu target and rearranged into 
the buckminsterfullerene structure, subsequent con- 
siderations suggested that Cgo was more likely to have 
formed by nudeation from carbon vapor consisiins. at 
least initially, of C atoms and very small carbon mole- 
cules." Negative ion distributions produced by crossing 
a laser with the cluster beam just as it exited the 
nozzle" have been studied, and the relationship be- 
tween these and positive and negative ion distributions, 
obtained directly from the vaporization zone (i.e. 
without photoionizationl. has been discussed by Hahn 
et aL" and O'Brien et al.** The consensus of opinion 
was that Cm appeared to exhibit special behavior 
whether charged (positive or negative) or neutral and 
that the nudeation rate order was neutrals > cations 
> anions." Very detailed Jiscuasion of the conditions 
under which Cw appears to be speda) has been given 
by Cox et aL" These, studies are discussed in more 
detail in secUon V. 

Carbon duster distributions exhibiting dominant Ceo* 
signals, can be produced in another way as O'Keefe, 
Ross, and BaronavskS" and Pradel et aL^ have shown 
high vacuum TOF-MS. In these experiments the 
graphite target is inside the mass spectrometer vacuum 
system and remains stationary. After several laser 
pulses a hole is drilled in the graphite and nudeation 
appears to occur in the cavity. McElvany et al,*"* using 
ICR-MS techniques, have shown that if the axis of the 
laser-dnUed hole is aligned parallel to the trapping 
magnetic field a artrong Cr,* signal predominates in the 
mass spectrum. In a study of the small cluster distri- 
bution, McElvany, Dunlap, and O'Keefe^* fo«jnd that 
- the vaporization -of a diamond target produces the same 
distribution as does graphite. This result indicate that 
the duBters appear to be produced by nudeation of 
atomic/molecular carbon vapor rather by a process in- 
volving the ablation of bulk fragments from the target- 
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Figure 8. Infrared absorption specirupi ob«rved in 1983 by 
Kxaisduner . FosiiropouloeL and Huffman^''* from carbon produced 
bv arc-discharge prbceasinj. Kratschmer et al. made the per- 
ceptive observaiion lhat the four sharp absorption features in- 
dicated roieht bcionK lo fuUcrene-€0. The frequencies were 
lanlalizingly consisienl with ih«wctical predictions (section VTU) 
for the fundamentaJ vibrations of fuUerene-60 irepnnied from 
ref 74: cop>TiEht 1990 Elsevier Science Publisherei. 

vaporization procedure for producing C«,' in order to 
deposit material on a film. They have shown that the 
mass spectrtmi obtained by subsequent laser desorption 
of the riiulting material yields a very similar cluster 
distribution to that of the cluster beam experimenis. 
They have also carried out isotope scrambling mea- 
surements" supporting the conclusion that Cco is as- 
sembled from small carbon spefcles in the gas phase 
after vaporization (see section VI). 

A fasdnating and ultimately key observation was 
described in September 1989 by the Hddelberg/Tucson 
group: Kxatsduner, Fostiropouloa, and Hufftnan"^ who 
detected four weak bands in the infrared spectrum of 
a film deposited from a carbon arc under argon (Figure 
8). Kratschmer et al pointed out that the vibrational 
frequences of the four bands (and assodated shifts) 
observed were in tantalirin^y dose agreement with 
theoretical estimates for £ullerEne-€0 (details in sections 
Vffl and DC). 

Several other interesting studies have shown that 
laser vaporization of a wide variety of carbonaceous 
target materials (other than pure carbon) also yields a 
dominant C^o signal; e.g. carbon fihns (Creasy and 
Brenna'^), polymers -such as polyimides (Creasy and 
Brenna,'* and Cambell et aL"-'»), coal (Greenwood et 
al.*^, polycyclic aromatic hydrocarbons (Giardihi- 
Guidoni et aL,« and Lineman et aL**^). Last but not 
least. So and WQkins" have shown that Ca> can be 
detected by laser desorption of soot! In fact they have 
observed even-mimbered carbon dusters with as many 
as 600 carbon ateana (Figure 9). Tto result and amilar 
experiments may nidicate that giant ftillerenes may also 
be fonning.** - All experiments show that conditions can 
be found in which the Ceo* P«ak is dthcr prominent or 
dominant However conditions also exist for which this 
is not the case.** It is likely that the availability of many 
other patitways to "organic" (H-containing apedes) may 
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Ficnre 9. Loser desotrption Fourier trftiafona mau ipectruni, 
observed by So and WiUcins.*' of soot deposited on ■ KCt-coaied 
staixiless »teel probe tip. Note that aU the peaks here aiso cor- 
respond to even ntimbered carbon species. Since only even- 
numbered carbon aegre^tes can ctose perfectly it is poasible that 
the explanation for this phenomenon is that these species a/e 
fuilercnes and that the larger species are fiant fuUerenes of the 
kind depicted in Figure 22. 
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Flcnre 10. Rem£Lrk^l>Ie positive-ion User desorptioo Fourier 
transform mass spectrum, observed by Rubin et aL* of the ring 
carbon oxide depicted under low laser power. This oxide which 
micht be expected to decarbonate to yield a Cx roonocydic ring 
has clearly dimersed to form Cw buckminaterfullerene! 

A most ezdtixxg result was described by Rubin et aL^ 
who have used a combination of organic synthesis and 
laser desorption mass spectrometry. In a preliminary- 
study by the same giroup (Diederich et hL"*) attempted 
to prepare pure carbon rings, a prominent peak for the 
C|a duster was detected during mass spectrometric 
Biialysis of a User desorbed IS-carbon ring precursor. 
This work ban now been advanced in spectacular fash- 
ion; refined measurements on Cia and Cji precursors^ 
'yield mass spectra which show prominent Ceo 
signals. However most striking is the observation that 
laser desorption of the ring precursor produces a 
mass spectJTum containing a totally dominant Cgo signal! 
(Figure 10). Tliia result suggests that, in the vapor 
phase, a Bp>ectaciilar dimerizatton process, occurs in 
which two Cao polyyne/cumulene rings combine in a 
concerted folding rearrangement to form the Cq) cage.'^ 
ITie implication^ of this process and indeed other as- 
pects of the hiUerene discovery for organic chemistry 
have been considered.^"*' 

Some of the moct important of aB these experiments 
were those of Homann and oo-worker8^^ who detected 
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CARBON AT0W5^^I C„Lo CLUSTtc 

Figure 1 1. Mass spectrum ofCLa cluster compleret ana bare 
C« dusten as observed by Heath ei aL' when LaQ^-dopeo rraphite 
is laser vaporized (ArF 6^ eV. 10 mj am*!. Nme ihe penirulaiS- 
strong peak for CmLa and the absence of ■ peak (or C^^JLa^ Thts 
result 18 discussed in section VI (adapted froia rei* Tt 

Cgo* in a sooting flame. These observations are dis- 
cussed in more detail in section Vil. 

V. SUbtthy and Intrln&lc Properties of C^c 

. After the buckminsterfullerene siructure was pro- 
posed^ the intrinsic properties of the species were 
probed by the Rice/Sussex group.*°"^ It was clearly 
vital to determine how reliable the experimenial ob- 
servation of the "stability* of the Cg, cluster w.-as. i.e. 
how "special" or "magic" the cluster actually »;as and 
how certain one could be about the buckminsterful- 
lerene hollow cage explanation. .A.fter all. the proposal 
appeared to rest entirely on the observation of a single, 
strong mass spectrum peak ax 720 amu (Figures 5 and 
6), and such highly circumstaniial evidence needed 
further support. Mass spectrometry is partictilarly 
susceptible to erroneous conclusions drawn on the basis 
of magic numbers due to the Hkely presence of ioniza- 
tion and fragmentation artifacts. Various aspects of the 
original experiment led to the condusion that the cation 
mass spectnmi (Figin^ 5 and 6) was most probably an 
accurate reflection of the neutral cluster distribution. 
Nevertheless it was necessary to carry out experiments 
in order to probe the behavior of Cfo more deeply in 
order to generate further evidence; albeit still circum- 
stantial, to support the stability condusion and the cage 
structure proposaL 

During the period from 1985 to 1990 many experi- 
ments were performed by a niunber of groups operating 
in the duster field which probed carbon behavior with 
a view to confirming or Cedsifying the fullerene-60 pro- 
posal If Ceo really were a cage Uien the most obvious 
next step was to attempt to trap an atom inside the 
cage. The first result, m this context, was the obser- 
vation of CeoLa by Heath et aL^ By using a graphite 
dlsk« soaked in LaClj solution a strong signal was ob- 
tained for the monolanthanum complex CeoLa, with no 
evidence of a peak for CcoLa, (Figure 11). Cox et bL'^ 
questioned the condtision. They pointed out that, since 
Cqo needs two 6.4 eV (AxF) photons for ionization and 
CeoLa ohly one, the relative strengths of the and 
bare Ceo* MS signals should not necessarily be taken 
. as reliable .Jgauges of their respective abtmdances, and 
B possible CmLap'*' sienal mieht be too wmV tn ^p*^ 
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CARBON fCTCtJS PER CLOSTOI 
12. Ottban durter ion> obecrved under "T^ 

dmer into the noate di^ crpansKm, (b) '^^^^ 
ions produced directly daring vapomatwD w the 
^iddof the KrF «dmer U3er «»d (c »*«^;^Ji°" 
directly dtirine vaporization in the norzle, agwn without the aia 
3^SeKireidi«rU^ but with longer residence time m the 
dmtLSi r^on than in the caae <rf the p«itive »«J«P»^ 
Lab (le^nS from ref 52; copyright 1987 Gordon and Breach 
Sdence PubHahen, Inc.). 

Cox ct aL'^liavc (Kscuflaed further the cage hypothwis 
in eeneral and metal atom encapsulation m paiticulax 
and after detmled asBeasment they condude that overaU 
their observations are non-committal over whether 

was a cage or noL 

For the amaller carbon apea^ the Pow^vejons d«- 
olay the wdl known mapc numbers: U, x&, 1». ^ vu^e 
io-called -An « 4' effect. cL Figure 4) ™ 
Wativc ions exhibit a different sequence." T^e 
paper announcing the original discovery^ 

neutral carbon duster distributions. If 
minsterfonerenc structural proposal were wrect how- 
ever, the positive aod negative ion distribubons would 
be expected to exhibit a sunilar prommencc for the 
GOKarbon atom analogue. The first experiment to 
probe this poawbiU^ showed that native iana.prt>- 
duced by Wionixation just after the cluster beam 
exited from the nozzle exhibited an anion mass spec- 
tnim in ^ch was dominant In this «P«5[ient 
the neutral species became negatively charged by 
■ electron tiansfex. If the positive or negative Kma» pro- 
dttc^direcBy hy vaporization arc stodied, rttt found 
t only after chwterW:» aDowed to contnrae for a 
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rirurc 13. Metastable u^-^rj^ '»°° f°fS ri'SS 

(NOKES) published by Radi et aL» Tht pai«it ion (on the nght) 
L^^^ by the taiignetic «Mlyxcr «^ 
is a scan of the decttosUtic andyxer vdtage. TTie pa«nl »on 
8 keV. C, l«s is observed from C** Ubove) ^^.^ 
Sd^) Note the dnonatic difference, in lortasUble activity ai 
^«2d hfl^ rdative intensities of P-dy^P^'^^i- 
to their picnt ions in these two cases (repnntwl from ref 93, 
copyright 1990 the American Institute off Phyaio). 

significant length of time is the CoT an^o^ dominant* 
otherwise it is not.=^ Some eiamplM of mass spectra 
recorded under various conditions*"^ are present^ 
inFlEurelS. Cox, Reichmann, and Kaldoi" describe 
some mtriguing relative time-of-fiight differences m 
behavior between various individual dusters, m par- 
ticular Ca and C«. ^ch are hi|^ily dependent on the 
nozzle parameters. These cxpemnents y pear to sug- 
gest that wan reactions may occur m Ae nudcaUon 
channel It is possible that what wm observed int^ 
experiment was C« deposited in the dunmd wind, 

subeequentiy desorbed. Tb^ ^J'f^ 
portance of wall effects Ues in the detection of Ca>K 
dusters when a new, pure ae. K free) carbon target 
replaces a previous one doped with potassium, 
taportant observations have had a bearmg on the 

staWUty of CVn^e very early «P«^^^,^ 

fidd et d.»Sowed that C« was BU^epta^leto mute^ 

photon fragmentation. A series of studies by Bwers 

Sd^wffi«* showed tiuit C« ocmld^r^ 

metastablefragmentotion. Pa^icuhtfly intewtogxs 

Seob^toitiiat C« exhibits mudi low« 

bility than other neighboring ^^'f^i^'^^^ 

may exhibit phenomena assoaated 

peiLps an intriguing form of surface flui^ On the 
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Fi^re U. Fngmentation products under ArF (15 mJ cni~^ 
imdiation obsenred by O'Brien et aL** Under imdUtion the 
mass Belected dtuter (bdudisg ca. 20% Cj% and ca. 10% 
Caa) is beirc »een to firaement into unaUer even dturtexc C^^ Ci^ 
etc by Ion of C» C4, etc Particulazly tntexcsdn; Is the ofaoervatian 
that Cgo ■'^d C)o are Cavored fncmcntaticm products (reprinted 
from ref 95; copyright 1988 the American Institute of Phyxica). 



Fipure IS. Hypothetical frozen tatioD-rearrangeioeDl mecha- 
nism presented by O'Brien et aL*** involvinc loss and ca^e 
re-Sfftling which could expbun the fraementation phenomena in 
Figure 14 (reprinted from ref 95; c^pyri^t 1988 the American 
Institute of Physics). 

other hand, O'Brien et aL**' and Weiss et aL* have 
shown that cold Ceo* exhibits little, if any. evidence for 
fragmentation. The Ukely explanation for this disparity 
is that clusters produced under the vacuum vaporiza- 
tion conditions"^'^ possess raassive amounts of in- 
ternal energy leading to metastable C^*. As special 
behavior u most drainatic after extensive degrees of 
Dudeation have occutzed it is possible that the 
signal observed under vacuum ablation conditions is 
actually a mixture of isomers, at least in part Related 
. studies by Hasselberger et aL"?" show that metastable 
fragmentation is lessaevere when dusters are produced 
wiUi lower internal energies. The measurements of 
0*Brien et bL^ showed that multiphoton fragmentation 
of clusters with 32-fiO atoms occurred by elimination 
of even carbon fragments, (n = 2, 4, 6, rather 
than lower energy C, apedes. Farticiilarly intriguing 
is the observation that large dusters, wi^ 70 or more 
atoms fragment to form smaller even-duster distribu- 
tions in whidx Cn is special (Figure U). CHusterswith 
leas than 32 atoms fragment into a range of smaller 
carbon spedes, a result interpreted as evidence that 
dusters with less than 32 atozns were not cages. 0*Biien 
et aL'^ also presented an mteresting mechanism for tluB 
process iahich is depicted ux Figure 15. Laser irradi- 
ation studies by Weiss et aL"" showed that the metal 
complexes were also quite resistant to photofragmen- 
tation. Tliey also showed that multiphoton fragmen- 
tation of Cgo^t resulted in metal-complex products 
' C^M'*' for which the critical sinallest sizes occur at n «= 
48, 44, 44-42 for M = Ca, K, and La, rcspectivdy 
(Figure 16). TUs resuh provided strong drcumstantiBi 
evidence for metal atom encapsulation because the 
Tninimnm physical cage siae scales with the iopic ladhis 



CrOOTROK FREOUENCr (kHi) 

Ficnre 16. Htgh-order photofragmentalioo pattern of C^*- 
(above) and CleoCi* (below) detected by FT-ICR mass specirom- 
etiy by Weiss et al" The break-ofis obaerved at C^a* and C«K* 
are in excellent agreement with ezpecution for ihe smallest, 
fiillerene networks capaUe of encapsulaline the metBls. based on 
the known ionic radii (reprinted from ref 96; cop>Tighi 1988 
American Chemical Sodety). 

of the metals in the series. 

Prior to the isolation of macroscopic samples of the 
fuUerenes (section DC) several experiments were carried 
out in order to determine their physical, mainly spec- 
troscopic, properties. Tandem TOF-MS experiments 
were devised to explore the possibility that the spectra 
of Cfl) (neutral) and C«>* (the positive ion) might be 
responsible for the astrophysically intriguing diffuse 
interstellar bands (section XI). These experiments in- 
volved the resonant photodissociation of a van der 
Waals complex of benzene with neutral Cgo and Ceo*. 
It proved possible to photofragment Ceo-CgH^ but not 
,the ion complex, Ceo^-CgHfi, probably because charge 
transfer forces bind the adduct too tightiy in the ion 
complex.*^ Very weak photofragmentation of the neu- 
tral complexes of Ceo witli CgHfi and CHjCl, was ob- 
served at 3860 A hy depletion spectroscopy^** 

Yang et aL*' used an ingenious technique developed 
by Cheshnovaky et aL'*" to observe the UV photodec- 
tron spectra of negative duster ions. In these experi- 
ments the spectra of carbon dusters from C^s to (^^ 
have been observed. Of particular mterest are the UPS 
patterns of and C70 which show a low energy 

LUMO feature consistent with closed shelb for the 
neutral spedes. had the lowest dectron aSintty; viz 
2.6-2^ eV. Hiese obeervations provided furtiier strong 
support for the frillerene proposal Tht ionization po- 
tential of Ceo ^fis obtained in an degant way by zGn^ 
merman et aL'^^J"* who osed a series of charge transfer 
measurements with various reactants of known IP to 
bracket the Q> of Ceo-' 7-61 * O-H This result was 
cocfixstent with conclusions drawn from eariy experi- 
ments ^ch indicated that the IP lay between the 
energjr of the AzPexcimer laser (6.4 eV) and that of the 
F» laser CIS cV> becanm T-. m 9-»*W,^ i— 
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Sd"«t'J±i''ir-S^^ SStII'^SISS, mich. oco., « inUnnSi-Us during »ot nucl„tion ,repn„«> fro- 
ref 108; cop>Tiehl 1988 MBcmillan Magazinei LuiJ. 


ArF and 1-photon" ionized by F^}*^ ^ 

As mentioned in section IV. the most mtnguing and 
convincing spectra were those obtained in the mfrared 
studv of Kralschmer, Fostiropoulos, and Huffman m 
199C^'< (see further details in sections Vul and lA). 

Vf, Reaction Studies 

The fust reaction studies aimed at probing *e cag 
concept were those of Heath et aL' and Coi fet aL 
(discussed in section V) who studied the cax^/tntt3l 
complexes. Rohlfmg et aL» and Heath et el^ earned 
out simUar reaction studies which focused mamly on 
the properties of the carbon chains. It is abo unportant 
to nou that van der Waals complexes can form m the 
supersonic beam if is, cold. - 

\Vhen various gases such as CO, NO, and SOj were 
inuoduced into a reactor, placed downstream from the 
nozzle in which Ca, is formed, Zhang et aL»«* showed 
that all the even carbon clusters were totaUy unreactive. 
The odd clusters were, on the other hand, very reactive. 
These experiments gained signiTicfl^t to^^f ^"PP?^ 
from the studies of McESvany et aL^ and Weiss et aL* 
which showed C« and its analogues to be ertreindy 
unreactive in an ICR trap. However if gases are mixed 
with the driver gaa in the nozzle, reactions can take 
place before and after 0^ is formed. With hydrogen, 
a wide range of hydrocarbon products is detert|d 
(Rohlfmg,**** Hallett et aU"** and Doverstal et aL»°^. 
•Rohlfing has used an in-line reflectxon modification of 
the duster beam technique and made some very careful 
high-resolution mass Bpectrometric.measurementeof 
the nsactions of dusters C»-Cbo with hydrogen.™ The 
variations in reactivity appear to be structure related 
and consbtent with the cage proposaL The study 
suggests that chain duster species with as many as 44 
carbon atoms may be present. Complementary ex- 
periments by HaDett et aL»« and Doverstal ct aL>" 
indicate that dustetB in the C^T^w show at lewt 
three different types of reactivity as evidenced by the 
- mass Bpectrometric patterns of the hydrogenated 
producta. The obeervations** are consistent with the 
propoaal that small fuDerenes (Cao, C^ C» C» CaJ can 
form-* Tliey are alao consistent with the fact that 
formation that no 22 atom fullcrene can exist, as 


VJL Gas-Phas^ Carbon Nucteatlon and C«, 
Fotmatlon 

It would appear that most workers in the field are 
able to observe special behavior fairly easily and under 
a wide range of conditions, all of which have one major 
feature in common: Cw appears to be dominant orUy 
when nuclcation nears completion, leaving behind Ceo • 
and other even-numbered relatives such as Cio- This 
result has one obviously simple explanation;. at least 
some fraction of the even dusters— particularly Cep—is 
unreactive toward growth into macroscopic particles. 
The spontaneous creation of Ca requires a mechanistic 
explanation, ^n particular, entropy factors dearly need 
to be carefully assessed when it is proposed that so 
symmetric an object is formed in a diaotic plasma. A 
feasible nudeation mechanism was provided by Zliang 
et aL'"" and refined further by Kroto and McKay. 
The nudeation model proposes that curved sp -hnked 
(aromatic) carbon networks form (Figure 17) and can 
serve as embryos for further growth. The energetics of 
sheet carbon duster radicals is invoked to explam the 
curvature/partial dosure. Essentially the drive toward 
dosure is governed by the energy rdeased as a result 
of eUminating the edge dangling bonds. For instance 
a flat gmphite-lilce sheet of 60 atoms Would haye at feast 
20 dangling bonds, whereas fullerene-60 would, of 
course, have none. In general, .in a chaotic system, 
partly dosed, overlapped embryos, such as that shown 
in Figure 16c, arc expected to form and which, once 
overlapped, cannot dose perfectiy. These species are 
probably highly active nudeation sites to which per- 
manent chemical binding of adsorbing fra^cnts can 
take place. Of course some form of dosure/ annealmg 
process might take place if the temperature is high 
enough for intra and extra network rearrangement to 
ocoxT. It was proposed'*^*" that dimng this general 
spiral nudeation process some embryos would dose 
forming fullerenea, particularly fuUerene-60 which 
would no longer present a site for efficieirt acCTcton. 
The process b primarily a physicochemial njcleatj^^^ 
scheme in which" the fullercnes act astJeadends for the 

most rapid nudeation. 

After embryo formation, epitaxial growth has been 
• shown to lesuH in icwpiral graphitic giant molecules 

ar micrtwxartides*'* with stnictores consistent with 
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Figare 18. Compariaon by McKay et aL"^" between TEM images of poly bed r&J graphitic micxoparticles obseived by lijima"" aod 
aimui&ted TEM tmagea for a hypothetical spiral shell panicle predicted by the nudeatioo stcbcme depicted in Figure 17. The fairly 
round particle observed by lijima which is depicted in a and b ts seen to exhibit a similar pattern to the simulation top right. On 
the other hand the more polygonal particle, shown in c and d, exhibits a similar pattern to the simulation shown bottom rtpht. The 
simulations are for the same particle observed from different angles. The hypothetical partide has shell interconnections which can 
most easily be seen in the lower right simulation. In b and d the polygonal outlines are delineated. 


those of spheroidal graphitic micro particles observed 
by lijima in 1980;*®-'" Kroto et aL"^-^" have provided 
further support for the scheme in the form of TEM 
image simulations hased on the icospiral concentric shell 
•structure concept,*'* in excellent agreement with the 
lijima images as depicted in Figure 18. Roulston et 
aL*" have ^own that certain electronic and structural 
properties of amorphous semiconducting carbons can 
he explained on the hasis of a spheroidal graphitic in- 
frastructure! rather than by the traditional flat mi- 
crostructure. Yacaman et aL'^*-*** have shown that FT 
power-spectra processed, electron microscope images 
of carbon microparticles appear to be consistent with 
the quBsiicosahedral spiral substructure.*" Attention 
has been drawn to the fact that small graphitic micro- 
particles actually consist of crystalline quasucosahedral 
graphitic cores surrounded by amorphous carbon sur- 
face layers.***^** Interestingly, lijima"** has shown that 
the TEM- structure at the nucleus* of one of the carbon 
microparticles, studied earlier*'" was consistent with the 
image expected if it were a Cm cage. With hindsight 
this result demands further serious investigation to see 
whether fullerese^GO can itself be encapsulated during 


later stages of particle growth. 

Wales**^ has considered some statistical aspects of the 
growth dyiiaraics of dosed-cage structures aitd Bemholc 
and Phillips have discussed the kinetic factors involved 
in the growth of carbon dusters in generaL*^' 

It was also suggested that a modified form of the 
Ducleation scheme, devised to account for the sponta- 
neous Creadon of Ceo, could also explain the spheroidal 
nature of soot-*""*"^*^ This proposal was criticized 
by Frenklach, Elbert, and co-workers™"™ who favor an 
earber theory, which invokes the physical condensation 
of flat PAH molecules held together by van der Waals 
forces into coagulating liquid drops. However, Harris 
and Weiner point out how little has been firmly es- 
tablished about the soot formation mechanism.*^ It 
can in fact be demonstrated*^ that the new scheme is 
broadly consistent with kinetic, structural, and chemical 
observations made on soot and its formation process. 

The new nucleation scheme predicts that some C^q 
should form as a byproduct*"*-*" of soot production. 
Subsequently Gerhardt, Loffler and Homann,"^ in 
studies of the ions produced in a sooting flame, found 
c:onditions under which the mass spectrum shown in 
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Fiffure 19. Maaa spectrum, observed by Gcrhanil, Lofner. and 
Homann,""** of positive ion» produced by a sooting beiuene .* 
oxygen flame (C/0 ~ 0.76) (refSrinled from ref 87: copyright 1987 
Elsevier Science Publiahersl. 

Figure 19 is obtained. TOs specthnn is aliDost identical 
with that observ^ during the pure carbon laser ya- 
porization experiments where Ceo* is the dominant ion! 
Homann and co-workers conclude that this observation 
should not be taken as support for the new spiral nu- 
cleation scenario as the tell-tale even ions with a dom- 
inant Cgo* peak are not seen until after the inception 
of soot partide fonnation. The carbon /hydrogen re- 
action 3tudies^°*"'** promise to shed further light on the 
soot fonnation process, but the way in which the results 
might dovttail with the conventional data remains to 
be ascertained. Kroto has summarized the present state 
of affairs from this viewpoint.^^ 

VFII. Theoretical Studies of the Fufferenes . 

Theoretical studies predating the discovery of Cw 
have been discussed in section IL After the discovery, 
theoreticians had a ball and many aspects of the mol- 
ecule's properties have already been probed. The com- 
prehensive overview of theoretical work on fiillerene-GO 
presented by Weltner and Van Zee* is here conflated 
with more recent work- 
One im{X>rtant aspect of the original experimental 
observatioiis was the fact that C70 clso showed special 
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behavior. TopologicaJ and chemical subiliiy ajcJ- 
menu, as discussed by Kroto* and Schmalz el al..- ex- 
plain this observation as being entireb' consistent wiih 
the fullerene proposal. Indeed these studies suEpeFiec 
that if the C« mass spectromeiric signal »ere due 
its having a closed cage fullerene structure. C-r shou;c 
show special behavior also, for the same reason, Thu? 
most importantly and rather connncingly. the luUerrr.r 
structure propel no longer rested on the single line 
observation. In fact it had now gained sipnifiLar.*. 
further support by the fact that a prediction had hecr. 
made and neatly confirmed. Indeed the two ubstr. --. 
tions, taken together, provided convincing evidence ft-r 
the existence of a whole faniily of fullerenes and further 
-probing suggested that in addition to Cgo a*^d Cto- *he 
C24. Cm. Cn, and C50 clusters (Figure 201 should aU-- 
show varying degrees of special stabilitj"*' (N.B. fujl- 
erene-22 caimot exist'"'). 

The dominance of Cg, and C-o *'as ascribed to the fact 
that these are the smallest fullerenes that can have an 
isomer (one in each case) in which none of the 12 pen- 
tagonal configurations, necessary and sufficient :</r 
closure, abut.*^ It was shown* *** that the predict ions 
were commenstirate with the mass spectrum obtainec 
by Cox et al.^ (Figure 21) and consequently there ex- 
isted convincing experimental evidence for the fullerene 
"family projxisaL S'mce even-numbered carbon clusters 
are detectable with as many as BOO or more carbon 
atoms," the possibility of giant fullerenes*^*^ such as 
C240 Cmo shown in Figure 22 appears to be an ex- 
citing possibility,^ 

Isomer stability has been discussed by Stone and 
, Wales*" who noted that the difference in energy be- 
tween isomers is small and suggested that the Cgo signal 
.should be due to a mixture of isomers. This result i; 
difficult to reconcile with the observation (Figures 5 and 
6) since it leads to the conclusion that is no more 
Special than other clusters such as Potential energy 
functions have now been developed for the carbon cages 
systems by Takai et aL'** and Balm et al.*** The sim- 
ulated annealing, Monte-Carlo methods used by Zer- 
betto"** to study the behavior of small carbon clusters 
• have been applied by Ballone and Milani"* in order to 
show that the ftillerene cages are minimimi energy 
structures. 

A group theoretical analysis of the electronic prop- 
erties of the fullerene family, by Fowler and Steer. 
showed that the members, C„ where n = 60 + 6fc (A = 
0. 2, 3, 4, ^, i.e. an integer other than one), should have 
closed-shell electronic structures. The degree of aro- 
matidty in a compoimd is of interest, and the number 
of KefculS structures b often considered to be a guide. 
A total of 12500 for fullerene-60 has been calculated 
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Ficure 21. Time-of-fliphl masa spectrum laken from the data 
of Cox. Reichmann. and Kaldor." Tlie strong peaks are in ex- 
cetleni tigre«ment with prpectation" if they correspond to 
fullerenes. The fullerenes 2<, 28. 32, 50, 60. and 70 (Figure 20) 
axe predicted to exhibit enhanced liability, i^ are ma^ic. Not« 
the sharp cutoff at Cj, which is consistent with the fact that a 
no 2C itom fuUerene can fortn. 

by Schniah el al..*^ Hosoya,^** Brendsdal and Cyvin.^ 
and by. Elser.*^ Resonance circuit theory has been 
applied io this problem by Schmalz et al.,*^ Klein et 
al.,-^^=^ as weU as Randic, Nikolic. and Trinajstia'^®"'" 
These studies indicate that account must be taken of 
the fact that some resonance structures make negative 
contributions to the aromatic stabilization. Schmalz et 
al.^ compared resonance circtiit theory with Huckel 
molecular orbiial (HMO) theory and concluded that Cg) 
should be less aromatic than benzene. Amic and Tri- 
ne jstic'^^ discuss stabilization arising from bond delo- 
calization. Graph theory has been applied to Ceo and 
to other systems by Balasubramanian and Liu'*^** and 
also by Dias who has circumvented group theory in 
order to simplify Huckel calculations.'^ Hiickel cal- 
culations on fuUerene-60 have been made by Hay- 
met^*^ and the stabilization due to delocalization 
discussed. Jiang and Zhang'*^ have calculated the 
stabih'ty of fullerene-60 by Huckel theory using moment 
analysis techniques. Hess and Schaad'^ as well as 
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Aihara and Hosoya'^ have aJso applied Huckel theory 
to the probiem, focusing on aspects of spheroidal aro- 
ma ticity. 

Fowler and Wooirich'^ have made three-dimensionaJ 
HMO calculations which predict that Cso and Cto 
dosed shell systems. Fowler*** extended this approach 
in order to assess the stability in other, larger fuUerene 
cages, while Fowler, Cremona, and Steer*** have dis- 
cussed bonding in nonicosahedral spheroidal fuUerene 
cages. Fowler**' has extended these ideas to various 
classes of cyUndricaJ fullerenes and predicted closed 
electronic shells with an empty nonbonding orbital for 
dusters consisting of 10(7 + Vt) and 12(7 + 3k) atoms 
with 5- and 6- fold symmetr>-. Ceulemans and Fowl- 
^j.isi.iM considered possible Jahn-TeUer distortion 
pathways for icosahedral molecules. 

Byers Brown*" has discussed the simplification that 
high symmetry imparts to x-system calctilations and 
obtained algebraic solutions for the orbital energies of 
fuUerene-60. Dectronic and vibrational properties were 
calculated by using a two-dimensional HMO method 
by Coulombeau and Rassat.*" Semieropirical calcula- 
tions including the effects of nonplanar jr-orbitai 
overlap due to curvature have also been carried out by 
using the free-electron model in the Coulson-Golu- 
biewski self-consistent Huckel approximation by Ozaki 
and TakahashL*" Had don et al."'*^ have also con- 
sidered the effects of nonplanarity, le, pyramidalization. 

Extended Huckel calculations by Bochvar, Gal'pem, 
and Stankevich*" and INDO and INDO/CI calcula- 
tions by Feng et aL** have been applied to and its 
isomers. A comparison between C^o and graphite was 
made by MNDO with geometry optimization by New- 
ton and Stanton.**' McKee and Hemdon*** also ap- 
plied MNDO theory to cage carbons and oonduded that 
the flat "graphitene" cage,*** in which two coronene 
sheets axe linked by pentagonal rings at the edge to 
form a disk-Uke structure should be more stable than 
fuUerene-60. These authors also considered the mech- 
anism of formation arising from rearrangement, Reh- 
' ybridization and bonding were studied by Haddon, 
Brus, and Raghavachari who applied the T-orbital axis 
vector/3d-HMO (P0AV/3D HMO) method*" *" and 
conduded that larger clusters were favored. It was also 
postulated that fuUerene-240 should be more stable 
than C«y Luthi and Ahnlof^*** have carried out 
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Flcure 22. Tbeaetof fuDeraictCK^ Cx«, end Ci«vith dicuncten in the ratio 1^3. Kroto and McKay"* showed that quanioosahedral 
ahape develops rapidly for the fiantfuDexcnea. Stram in the giazit ftiHereoea ia rrprrtrd to be foouaed in the regions of the corannulene-lifa 
cusps. The sorface thus becomes a imoothly curving network connecting the twehre* cusps (reprinted from ref lOS; copyright 138S 
Macmillan Magazines LtdJ. 
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IflT^flcak restricted HBrtxee-Fock cajculaticms and they 
SXSd that AH, - 

graphite) the electxoB affmity should be M eV 
totioDenerBy7.92eV. The election affinity (Z4 e^0 
has been calculated by Lareso^ VoW, and Bgaen 
Hod by Braga et bL^^ Schulman and Disai^" have 
calculated the heat of formation on the basis of ab initio 

SCF theoiy.- . . u tKo 

Hale*" determined electronic properties, such as the 
ionization energy for fullercnc^, by the discrete var- 
iational (DV)-Xfl method naing the Slater transition 
state formalism. Such calculationa tend to be good for 
gpheioidal systems^ Hale'a orbital energy levd diapam 
for ftmeren^ fa reproduced in Figure 53. Thehnear 
combination of mufBn-tin orbital method m its atomic 
sphere approximation (LMTO ASA) was apphed by 
&itpalhy.^^ Calculatians m which the partial retention 
of di^reitial overlap PRDDO approadi waj apphwi 
were carried out by Maiynidc BiKi Bstretther.^tone s 

tensor surface harmonic theory was used by Fowler and 
Woolrich.'** The IMOA method fiterative maximum 
ovcrUp approximation) was applied ^ a range of 

- fuller^ by Kovacevii, Graow:, and Babic^ to wscffl 

hybridiiation, atructarc and the amojmt of atram m 
thesecagea. Haddon^" has discaased degree of pyrm- 
idalization considfirati'oaM far fuUerene-CO and other 

- aromiatic compounds. ' j/: * ' ' ^ . 
u -Fahr* and Raasat hffSc reviewed the properties of 
" ^ aromatic moleoiea whida are essentially com- 


In some of the calculations the electronic spectra of 

the fullerenea were tiie main focus. The 
of Kataoka and Nakajima*'' and Lasdo and Udyanh 
used tiie Pariser-Parr-Pople method (with CI) to de- 
termine spectra, structural parameters, and oscillator 
strengths. Optimized IKDO calajktioM wcrepub- 
lished by Shn,uya and YoshitanL*'' Th^ electeimc 
structure arid the spectra haveabo be^^tudied ^^e 
CNIX)/S method OndudmgCT) by I*i*6pnet aL and 

by Bria et aL^" Haydcn and Mel^]» evaluated x- 
bonding behavior using tiie tight^hmding model wi^ 
electron-phonon coupling for the 6™^^ and exated 
states of fuIlercne-Ga Jahn-Teller mstabihtiw mthe 
eidted deditBiic states and the ion have been c^ssified 

by Negri, Oriandi, and Zcrbetto*" who have also esti- 
mated Franck-Condon patterns and phosphorescence 

^^W^^^tions focused on the vibrational 
properties of fuIlisrene-60. The result of primary (and 
histScal) significance fa tiuit only four fimdamentals 
are m active due to the high symmetiy of ^^^^ 
Of tiie 174 vibrational modes givmg nsc to 42 funda- 
mentals of various symmetries, four have tj. Bymmetry 
. and are m active whereas M)(Mghth, and two a,) are 

^^N^'^Stantnn"* gave iwMnaiy ^|^t^ ti« 
vibrational behavior of fijllerenfr«) using MNIX) the- 
ory. A nanOirt*iiiii cocxrdinatemethod was mpl^ 
todescribe the Qtfghm&ns '^J^^^'^?^,^^ 


! ^ • 


• ■ 1 1 


•.;f • • • 


•- ■ J* 


- • -1 

I 

** * • - . 

*-•:. tr' i 



12i6 Chetrtoil R<wiaws. 199 V Vol No. 6 

SCF /STQ-3G calculations of the vibrational properties 
of Ca and other symmetric carbon cages have been 
published by Diach and Schnlmnn ^" Schulman el al 
have applied the ab initio and AMI methods to full- 
erene-24 and fuUerene-60 in order to obtain heats of 
formation, vibrational frequencies, and ionization en- 
ergies. Coulombeau and Rassat have considered th^ 
vibrations of several fullerenes up to fiillcrenfr-120. 
They have also discussed hydrofullerenes.'" in addi- 
tion to calculating the rotational properties on the basis 
of icosahedral symmetry analysis.*** Weeks and Hart^r 
have carried out a normal mode study on the basis of 
a dassical spring/mass modeL*"* They have also^K^ 
cu^ed the rovibrational properties of fullerene-60. 
Stanton and Newton** extended and revised earlier 
MNPO studies giving detailed information on the 
normal modes. They have derived group theory in- 
variance theorems for vibrational analysis and have 
discussed the vibration which essentially consists of 
rotary oscillations of the pentagonal rings. Cyvin et 
aL*®' used a S-parameter force field to calculate the 
frequencies of the four ER active and 10 Raman-active 
modes; and Brendsdal et al*** have considered ap- 
proximate roethodsin order to determine all 46 vibra- 
tional frequencies. Brendsdal*" has dbcussed the 
symmetry ■ coordinates. 

Slanina et al- have carried out a harmonic vibrational 
analysis within the AMI method for fullerene-60 and 
also ful3erene-70.*** The study has been extended to 
include consideration of structural, energetic, and 
thermodynamic properties of both species using MMP2 
and MNDO methods.***-*" Bakowies and Thiel*»^*» 
have used the MNDO approach to calculate the IR 
spectra of a whole range of fullerenes from C^-Ciw 
C70 they deduce that one vibrational band should be 
significantly more intense than the rest, see section X. 

Heymann has discussed the possibility that He may 
be trapped in a fuUerene-GO cage."** Calcwlations have 
been made of the spectroscopic properties of various 
intracage complexes by Ballester et aL^ assuming the 
central atom is trapped in a polaiizable uniform 
(spherical) dielectric cage. Kroto and Jura'**' have 
discussed the importance of charge-transfer processes 
in the spectra of neutral and ionic fullerene intra- as 
well as eztracage (van der Waals) complexes. For the 
ions the energy ia just the difference between the ion- 
ization potentials of the C^^ cage and the encapsulated 
species. Van der Waals complexes such as C^-H* are 
likely to be particularly important (section XD- Rosen 
and Waestberg have calculated the electronic structure 
of CeoLa (and GsJ obtaining ionization energies and 
electron affinities for the neutral and ionic species 
within the local-density approximation.'"*^ Saito'"* 
has also used the local density approximation to cal- 
culate the electronic properties of CqqM (M = K, 0, Q). 

Theoretical calculations have been carried out on 
fuIlerene-GO derivatives such as hydrofullerenes by 
Coulombeau and Rassat*" and by Scuseria'** who has 
also considered the perfluorofullerene, C^a- Crystal 
packing .considerations for spheroidal molecules in* 
duding fullerene-60, have been discussed by Wil- 
liama,*" 

Several papers have focused on the likely electrical 
and/or magnetic properties of the fullerenes in panic- 
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TigUM 24. X-ray diffraction pattern of a microeTystalline po«:dcr 
of fuUertneeO obuined by Krfitschniei. Lamb. Fosiiropoulos. 
and Huffman.* Inset (upper lefl) is a sinele-crystaJ eitcuon 
diffraction pattern (iboom in more detail in Figure 251 indexed 
with MiUer indices compatible with the X-ray pattern. This 
pattern provided unequivocal evidence that the species they 
had isolated waa a round ball 10 A in diameter in perfect 
acreemcnl with expectation for buckminsterfulkrene irepnni*d 
from ref 4; copyright 1990 Macmillan Magazines Ltd.i. 

and London theory, calculated the ring current mag- 
netic stisceptibility and concluded that the shield ine 
should be vanishingly small (leas than I ppm) due 10 
cancellation of the diamagnetic and paramagnetic 
contributions. They concluded that fullerene-60 should 
not show normal aromatic behavior. Studies by Fowler.- 
Lazzeretti, and Zanasi'^'* and Pauluig^^ have suggested 
however that the diamagnetic term has been underes- 
timated. From large scale ab initio, coupled Hartree- 
Fock calculations (involving all electrons) pf the po- 
larizability and magnetizability pf Crj and Fowler 
et al."° conclude that the shielding should be roughly 
the same as for related aromatic systems. Haddon and 
Elser^" have discussed their own results*®*-^ and 
reinterpreted those of Fowler et aL^** and conclude that 
the latter study is consistent with a small delocalized 
susceptibility. Schmalz*^' has argued that the Fowler 
et al"* interpretation is correct The NMR study of 
Taylor et aL* yielded a chemical shift for fullerene-60 
which 13 fairly typical for an aromatic species. Fowler 
et aL''* have eartended thdr approach to the calculation 
of the ahifts in fullerene-70, obtaining results consistent 
with observation and confirming the line assignments 
made by Taylor et aL' This problem is further db- 
cussed in section X. 

/X The IfiolaOoth Separation, and Structural 
Charaderization of FuBorenesSO and -TO 

* 

Almost five years, to the day, since the special be- 
havior of the Ceo Bignal was recognized (Figtire 5) and 
the buckminstetfiillercne proposal made,* macroscopic 
samples were isolated and characterized. Kratschmer, 
Lamb, Fostiropoulos, and Huf&nan,* in following up 
their earlier IR observations,*'^* discovered that at ea. 
300-400 *C a solid material oodd be sublimed from the 
• deposit obtained from arc-processed graphite. They 
foimd that this sublimate was soluble in benzene and 
could be cryotallzzed. "Hie X-ray and electron diffrac- 
tion analyses (Figures 24 and 25) of the crystalline 
material bo obtamed (Figure 26) showed it consisted of 
tn t Ai 1 < • 
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Ficnre 25. Single-crraUl electron diffraction pattern of 
ene-Ga* Further dciaiJa of indiixa are pvM m Rgure 24 (reprmte^ 
from ref 4; copyright 1990 Macmillan Mafaiinei Ltd.). 
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Fi^rc 28. Transmission micrograph of crystal* crUacted by 
Kratachmer et aL* from the depoait of arc-pn»cca8ed graphite. 
Thin plateleta, rods and stars of hexagonal aymmetry are observed 
(reprinted from ref 4; oopyri|^it 1990 Macmillan Magannea Ltd.). 

by ca. 3.1 k (in graphite the interlayer distaBce is 
a4-3.5 A). These authors also reported IR (Figxire 27), 
UV/vis, and mass spectra of the extracted material 
Bands of Cn, were present (weaJdy) in the IR Bpectrrim 
and, in the UV/vis spectnim, some features of fuller* 
ene-60 were masked by those of fullerene-70. These 
results provided the first confirmation of the fuUer- 
ene-60 structural proposal 

In a parallel and independent study of similarly 
aro-processed carbon, Taylor et aL* had also shown that 
Cot was present by FAB-sampled mass spectrometry 
and that a red soluble extract- could be obtained by 
treating the carbon deposit directly with benzene, 
Taylor et aL* processed the extract by the Sorhlet 
procedure and obtained a material which mass spec- 
trometiy shorwed to <x>ntain a range of fullerenes, Cgo 
and Cto in particular (Figure 28). This material was 
chromatographed by using hexane/ahunina, and C«o 
^aad Ctq were thereby separated into a magenta and red 
/ficadions. respectively. % NMR measurements yielded 
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Flgnrc 27. Infrared apectrum of ftdJerene-60 presented by 
-Kratschmer et aL* ahowinc the four fimdamentak in exceUent 
agreement with expectation for the proposed ftJIerenc-fiO 
structure. WcaVer features belong to fuDcrene-70 (reprinted from 
ref i: copyright 1990 MwrmilUn Maeazines Ltd.). 


720 


B40 



Fignre 28. FAB-sampled maaa apectrum. obtained hy Taylor 
et aU* of the aohihle material extracted from are-proceased gra- 
phite. Apart from unequivocal eiridence for and in the 
extract there i« alao evidence for other even-numbered carbon 
apeciei. partitulnrly Ca and Cq (reprinted from ref 6; copyright 
1990 The Royal Society of Chemistry). 

proof that all GO atoms are equivalent— a result totally 
oonunensurate with the budoxunsterfuBerene structure. 
There is of course the alternative solution that all the 
atoms are located on tiie perimeter of a monocydic ring. 
This (explosively) unlikely possibility was eliminated 
by the KMR spectium of C^tq' w^c^ consisted of a set 
of Bve lines (Figure 29c) with a chemical shift pattern 
and relative intensities commensurate with the fuller- 
ene-70 structure (Figure 30b) first suggested by Heath 
et aL^ This result not only confirmed the fullerene 
5/6-ring geodesic topology but also eliminated the 
possibility that the carbon atoms might be fluxional. 
Almost as important is the confirmation, by this resulU 
of the existence of other members of the fullerene 
family.* 

X Postbuckxnln^effuaerene RBSoarch—Tha 
Fbsf Results 
Since the revelation that macroecopic samples of the 
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«Imnle. uid (dTmectruxn of a ptirified »ample of Cw from wtacn 

Return and amenmenU proentad m Rp« »l The wng m 
SS»B ben«»e «a»tnt .ien^ Iks to the ri|fht^«fc 

^^SLWkTci. ^Indeed Jl «,ai«l»t to perf«t 

coiaiitent vnth that erpeeted for (P^t«Baeat-10 (Tip" 30)- 

been tEatthe C atomi weie either fluaonal or l^f^y J«*^ 
^"Se^rimeter of a n«mocydic ri* It '^fT^,^^ 

{rem ref 6; eopri^t 1990 The BoyBl Soaety of ChemistJT). 




(iSid on diajrant of Slanina et d."^ f^*^, '*^b," 
^S^iSoarewivBlent whewaa ftdlerw^J popenea^ 

«±ct:daw»pedi»d3r«irfwpm. Compare wiftnjewmtupocaum 
sboini in Fipm 29. . 

, . chriinirtigrapiucally separable, it w n<wg»e ^ 
- ^^^^^^^^JSSaveabalL A^e ct bL»» and Hare 

tbeXJy/viBibleBpeettaaf chro- 
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Firuw 31. UV/vi5 specHa of chromatopaphiaJly ^Pyj^d 
KShbS and fuUertSe^' in hexa« ^Jution (itrpnnted from 
ref 216: copyright 1991 Elaevier Soeace Publisher*!. 


TA BLE L Propertiea of Cm BuclaniBtterfallerene 

Vibrational Frequcndea 

»b.(obs)- ea(ob«)* "5^,™' * 

528 527-1 «2 

577 570 J 

1183 1169-1 ^^^^ 

U29 1*063 1*34 

: X-r«y DaU*' 
KC-C) « L388 (9) A six-«tt linj fusion 
^OQ > 1.432 (5) A GvcrMix smt f««*»a 

NMR Datj/^ 
chemical ahift (bemena ufai) M2.68 ppm 

Eaectronic/Spectroeoopic DaU 
electnm affinit/ 2.6-2JeV 

;^?*5!IP' IfiSflsIc^ .- 135000. 175000. 51 000) 
UV/™ band.^ ''^^^;^^0 (bxd) (ina^ 500. 540. 570. 

GOO. 625) nm 

'SartElSut.24;32.and34 'S«Fi|^2a 'R^™^^ 
.bo «£• 215 and 228). » Ref erence 99. 'Rf^^J^ i^V!^ 
^So. /RefereiH»216(iaeaU ottJ2l5). * See abo Figure 3j. 

31). Reber et aL«'' have obs^ed a lumin^« 
Bpectitim. Frum et bL^ have observed a most int^ 
litiBE m emission spectrum from a hot gas-phflsc 
fuU^e sample. The frequencies of the observea ^ 
bands are given in Table L r «. 

•Hie availability of .significant qjantto^ 
has ato opened op a Robnd Partbu^ 
Eta of pobrcydic aromatic chcnusby. Haafler etaL , 
^ £t nndcigo Birch t^uctem to produce 
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TblSn^dbX w vaporization approach, used 

fomation of singlet oxygM. ""^^^XL otobaUy 
««J1 S-T spUttfag of ca. 9 keaVj^^ f^^^ 
due to the large diameter of the •«»?^* "^^^^ 
.dtSng anJttdectnm-electom «P"^ 
Sg^er with the very low fluorescence a^pob- 

KUentim has been drawn to «* »^*^^en when 
■ ■ photophysical acti^ty. care «houM be tajcen wnen 

E'A- - - ■. 1 . ■ ■ ■ 


The dubcd 

curve » «i Tf*^^^ an-' has been arbtUarny 


Royal Society of Chemwtiy). 

ene^70 together with the calculated spectrmn of Ba- 
kowies Thid'*" is presented m F.gure 33^ Be- 
Sube et aL"* and Demus et -^^^ ^-ve -d*. n>ade Ra- 
mnn measurements of fiillerene-60 and -70 Liquid- 
^'S&esof «^pmified ^^^^^ 
Johnson et aL"" confirmed the result of Tay lor et aL 
(S.^ on fully chromatogn.phical]y p«^ed ^ 
nlesl that the fullerene-60 resonance ts a single line. 
etdL'Sha^e-Lo confirmed the N^ffi measure 
a siSe Kne for fulleren^ -u^ 6- ^ for 
Mlerene-70: the former on a separated !f^P'^ 
Stt^ a iixed fu]lerene^/-70 sample. A ffl NMR 
^yai. on faneren.^70 by Johnson et "^"^ ^ 

^W^tt aL« shown m Figures 29c and 30b. Fm^ 

r^^teW F^er et aL«« of previous studi^ 

wSL^ d«nu«a shifts in e^^ent^ 

ment with experiment (withm 3 ppm). Tte stuov 

Sdud« eZX of tibe shifts ^L^^^'?^ 

supporting farther the patten '^^^^'^^^^ 
^T^toret 8L« (Figures 29c and 30b). T^"^^^ 

Sd Yannoni et bL« have made ""l****"*' 
aaa j.mu.« 177 K where the motion is 

measurements down to I / 1 „ j.t. ti> he 

wfficiently-slow for chemical ^f^^" ^ r 
. SSLeAFullerene-CO rotat« «»tiop.c.d^ 

Zi faDerene-TO rotates some^ mote "i;;^^ 
Hr^.l™, f>t bL=» have measured the magnetic siBcep- 


more thM ^J^'^cjgK 
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SSctme itrvealed b basicnUy that erf . rtrongly 
n^P»e hexagon-l docpackinR. eracUy as for ej^^^U^ 
thJt The b«4onal unit «l refines to a - 10;017± 0 WA 
and c = 1M02 ± O.Ol and conlains two Caa sphe^u spb»« 
^uld be I0.0i: A between centers and the calculated density 
r^d 1 .68 g cm-^ The Unes can be indexed as shown «d it 
::Sr£e noted that, because of the ^t^^ 
reciDrOtd lattice tows -parallel to c for which -fi + 3n are 
. ^SSrVhe c/0 ratio of 1.637 U very ck»e t^the theo«Uc^ 
Sjuc of 1.633 and thus the pattern can abo be ""^JJ^^ jj"^^ 
reinftci to a fftce^ccntcred cubic lattice (with a « 
S^K^m^^lSi with stacking disorder which ^^-^^^^^^ 
Ld 5» reflections and which introduces •.^'V.;^^* 
first) at a spacing of o/tB/3)"» doe to double diffraction from 
S^ifaiSiL Aemiensityvariationofthepatternwaw^ 
rorresKinds to the Uansform of a sphere of radius ZS A pvmg 
r^tWmumTn the region of ^ = 25' Since the crystalis 
; mixture of FCC and HCP arrays, extracted crysta^ inatenal 
probably conuins solvent molecules trapped in the faults. 

et al ^ and Chen et al.*" have deposited fujler^e 
moMlayers on gold and studied them by STM. The 
spherical molecules tend to form mobile hexagonaUy 
pocked arrays on a surface. Chen et aL« observed tocal 
density variations on the surface of fullerene-60 which 
are highly suggestive pf five- and six-membered nngs. 

The preliminary X-rfiy observations were made by 
Kratachmer et aL* working with ^ystalline materwd 
consisting mainly of fiillercne-GO with some fuIlerene-70 
present A recent X-ray difection image wm obtained 
hy MacKay et aL^ using chrtimatographically punfied 
fuUercne^ (Figuits 34). This image is commensurate 
' with a completely random mix of HCP antJ FpC Bixays 
of fullercne-GO molecules. Fleming et aL»» obtamcd 
purely FCC structured crystals from vacuum sublmied 
materiaL The implication is that interstitially trapped 
solvent probably stabilizes the mixed FCC/HCP crys- 
tals. It appears that fuUerene-60 spheres are rotating 
in the lattice"* and that when rotation ceases at low 
temperature the crystals are atiU disordered at the at^ 
omic leveL^i-'^^iB 

A most interesting study as far as theoretical c^m- 
istiy is concerned is that of lichtenberger et 
who- measured ^e pbotoelectrori spectrum of fun»- 
ene-60 on a surface and in the gas phase (Figure 35), 
The results are in good agreement with ttje tbeorcbcal 
. a)VVX« rtudy <rf Hale*" (Tigure 23). Tte fort IP 

fiilleieiie^. 7.61 eV, is nicely oaD^^\'^^^l 
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Firun: 3S, Gas phase (upper) and thm film (lower) He I valence 
pbSSectxon siiectTB of fu31eren«HG0 obtained ^ Lichjenbergw 
ff3»i52^e DV-X« results of Hale« (see Fifure 23) w^ucb 
appear to be in eood agreement with ohsenr.tion are indicated 
S^ted from ref m copyright 1991 Elsevier Sconce Pub- 
Ushers). 

Luffer and'Schfam*" have made electron ionization 
mass spectrometric measurements on fuUerene-60. 

Several papers presented at a special symposium on 
the fullerenes (Nov 1990) have been collected together 
and published by Averback et ai Some of the most 
important experimentally deternuned properUes of 
fullerenes are presented in the Table 1. 

XI. Astrophyslcal JmpBcatlons of Cgo 

Although low-temperature ion-molecule proce^es 
(Herbst and Klemperer^ and Dalgamo and Black ) 
can account for most interstellar species, the long cya- 
nopolyynes presented a problem. It was eiperunents 
wl5di probed the possibiKty that carbon stars might 
be responsible for them^ which revealed the stabihty 
of fullerene^.^ An important aspect of the experi- 
meita lay in the possibility of probing the conject^ 
of Douglas*' that carbon chains might b^J^^POIlstble 
for thedffiise interstellar bands (DIBs). The DI^ are 
a set of interstellar optical absorption features of var- 
ying widths which have puzxled astronomers and 
g^troscopifrtSBincethemid-lSaOs, HerbiK has pub^ 
iSed the definitive analysis of tiiese features. 
Many possible contenders for the earner have been 
suggested, however no generally accepted explanation 
^ts so far. This is strange as the species responsible 
is dearly abundant, chemicaDy bound (ue. n6t atomic), 
and must be quite stable in order to survive m the 
hostile interstellar environment or, if destroyed, be very 
effidenUy reformed. The types of carrier appear to be 
few in number and must have very large clectromc 
absorption coeffidenta, i_ j- * -t^ 

The possibiUty tiiat Ca might be the widebr distrib- 
uted in the Universe and particulariy in tiie outflows 
from carbon stars was suggested when the origiMl 
discovery of its stabihty was made,* It was also pointed 
„. out that the fuUerene^ surface might be an unportant 
site for tiie catalysis of interstellar reacUo^ wid per- 
baps it (or c derivative) mi^t be responsible forjw^ 
feataes as tiie DIBs. Tlierc b one key argument, 
- ■ associated wkh Uie proposal tiiat fuUeiene analogue 

fioniTwl or nn-iontzed. oomolexed or Otherwise) mav be 
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the carricn has that all previous suggestions do not: 
fuUercne-60 and its analogues are unique in thai they 
appear to survive the violent processes which occur 
when the atomic components of a chaotic plasma con- 
dense to form particles. Various aspects of this original 
conjecture, particularly with regard to possible deriva- 
tives such as intracage complexes both ionired and 
neutral* have been discussed"^ in general terms. 

As far as the neutral fullerene-60 species in space is 
concerned, the negative results of searches based on the 
laboratory measurement" has becti published by Snow 
and Se&b**' and Sommervillc and BeUis.'** 

The conditions in the ISM are such that a large 
fraction of any fuUcrene-fiO molecules present is hkely. 
tb be ionized and thus it has been pointed out that the 
spectra of ioniied fullerenes such as Ceo* or fullerene 
analogues (such as the cage complexes Ca>M ) might 
be responsible for some astrophysical features ^ 
Leger et aL^ and Joblin et ai=o have taken up Uic Ca, 
proposal and considered it further. 

Compleied species (section VIII) in the interstellar . 
medium are particularly interesting as any Ca present 
is likely to be ionized and probably have somethmg 
stuck to its surface. As the DIBs exhibit features rem- 
iniscent of matrix spectra, the poasibiHty that intraca|e 
complexcs^-^'™ as well as the extracage complexes^ 
might be responsible has been discussed. Heymann 
has considered the He intracage complexes and Bal- 
lester et al other likely species containing O. Na, etc 
Kroto and Jura^ draw particular attention to the fact 
that the charge transfer bands of the (C«>M)* mUacage 
complex and the van der Waals extracage complex 
(CaJ-^-M (M = alkali, alkaUne earth, or other element) 
are likely to be very strong. Particularly mteresting are 
possible relationships that chdrge-transfer transiUons 
might have with the DIBs and perhaps also the strong 
unassigned 2170 A absorption feature which ^P^^ 
astronomers for over seven decades, Hoyle and Wick- 
ramasinghe'^'^ sugg^t^ that Cgo itself might explain 
this feature and further calculations relatmg to ^is 
possibility have been discussed by Braga et aL Ka- 
baizirov"' has also discussed tbese possibilities. 
Wright*" has discussed the general optical/UV char- 
acteristics of fuUerenes and concludes that the observed 
interstellar extinction b not consistent with the pres- 
ence of significant quantities of spheroidal parbdes with 
. giaphite-Uke outer shells. In this respect the existence 
of the amorphous carbon surface layers surrounding the 
• graphite cores of carbon micropartides may weU be 
important-"^ From the UV/vis spectra obtained so 
fg^is^w it is dear that neutral fullerene-60 is not re- 
sponsible for either the DIBs or the 2170 A hump. 

There are also s6me intriguing interetellar emission 
features in the IR, termed the unidentified infrared 
bands (UIBs). which have been assigned to PAH-U^ 
material by Duley and Williams,** Leger and Puget, 
and Allamandola et aL*" The assigiunent rests largdy 
on the reasonable correspondence between the astro- 
physical frequendes and those of polycyclic aron^tic 
molecules which are usually used for fingerprint iden- 
tification of large P AHs. Bahn and Kroto^ have dis- 
cussed the fact that, if the fulleTene-€0 concept is cor- 
rect, PAH material in space te Ukely to be nonplanar. 

^Jt^o? They point out that one feature, namdy that at 1L3 
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The new results also offer possible new avenues of 
study as far as condensed carbonaceous matter in the 
cosmos is concerned. According to McKay et al . 
caged carbon clusters may offer a plausible explanation 
of some of the isotope anomalies observed m the ele- 
mental analvsis of carbonaceous chondrites particularly 
the ='Ne aiiomalv. Cla>ton=«' has pointed out that 
condensation in the atmospheres of supemovae might 
explain the so-caJled Se-Z anomaly. McKay et aL 
have suegesi^d thai this obser\'auon might be eiplameid 
bv encapsulation of -Na in fuUerene cages or JcosptraJ 
embryos during the dust formation phases that follow 
supernova and nova outbursts. Subsequently, the decay 
of "Na yields an encapsulated "Ne atom. Zmner et 
aL-*® have pointed out that isotope anomalies arc only 
to be found in spheroidal carbon grains. So far the oiJy 
evidence that might eausi in space is an unconfirmed 
report by Anderson.-*' 

XIL Conclusions 

It took some 15 or so years before the imaginative 
theoretical conjectures of Osawa and Yoshida^ ^* and 
Bochvar and GaJ'pern* ■ " were realized in the discovery 
of the slabilitv of the C«, mass spectromctric signal m 
1985; A further period of five years elapsed durmg 
which time many experimental measurements and 
theoretical studies were made. By-and-large the theo- 
retical work (section VIII) substantiated the idea that 
buckirunsterfuUerene should be stable. As time elapsed 
the weight of circumstantial evidence grew and ulti- 
mately became convincing. The key observations m- 

dude I , 

(1) Detection of monomeUUic complexes indicated 

that atom encapsulation was feasible.'-* 

(2) Further cluster beam studies showed 60 to be a 
magic number whether the carbon species^was posi- 
tively or negatively charged or neutral" 

(3) Reactivity studies showed the molecule to possess 
an inertness that was consistent with closure and the 
absence of dangling bonds. r - j 

(4) The pentagon Isolation principle explained the 
observation of Cm as the first magic number and C70 
as the second,^ Thus it was shown that the fullerene 
hypothesis rested on the observation of two magic 
numbers and not just one. Further refinement of the 
geodesic prindple explained other observed magic 
numbers."-*- 

(5) Large fullerene networks w^ found to possess 
quasiicosahedral sUuctures and thus related giant 
concentric cage spedes'« appeared to expUm the in- 
frastructure of the carbon micix>parUdes observed by 

lijima.*"^-"** . -,59 

(6) Photoelectron measurements of Yang et al. were 
also quite consistent with the fullerene conjecture. 

These and other studies (discussed in sertions V-VID 
thus had laid the badcground against whidh the critical 
infrared observation of Kratschmer et al>^* was made. 
They were led to make this observationby c^>denng 
that some intriguing optical featores obs«ved m 1982 
might be due to budcminsterfullerene. 
vatJons were foUowed up by Kratschmer, 
tiropoulos, and Huffman* and T^yjor e^^^; «^ 
restSS^have revolutionized the m the 
material can be made in quantity and the properties of 
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It cs interesting to note that the motives for the ex- 
periments which serendipitously reveaied the spwnta- 
neous creation and remarkable stability' of Cgo were 
astropbysicaL Behind this goal lay a quest for an un- 
derstanding of the curiously pivotal role that carbon 
plays in the origin of staiB, planets, and biospheres. 
Behind the recent breakthrough of Kr&tschmer et al. 
in producing macroscopic amounts of fullerene-60, lay 
similar astrophysical ideas.'* It is fascinating to now 
ponder over whether buckrcinsterfullerene is distrib- 
uted throughout space, and we have not recognized it, 
. and that it may have been under our noses on earth. 
' or at least played an important role in some very com- 
mon environmental process^, since time immemoriaJL 
"Hie material is already exhibiting novel physical and 
chemical properties and there can be little doubt that 
an exciting fifeld of chemistry and materials science, 
with many exciting applications has opened up. One 
of its most important properties is its ability to accept 
electrons. The low-lying LUMO causes it to be a soft 
electrophile. 

It is perhaps worthwhile noting that Cg, might have 
been detected in a sooting flame decades ago and that 
our present enlightenment has been long delayed. How 
serious this delay has been only time will tell; however, 
already fuUerene chemistry is a vibrant field of study 
- and the prospects for new materials with novel prop- 
erties is most promising. Certainly, a New Round 
Postbuckmtnsterfullerene World of carbon chemistry 
appears to have been discovered, almost overnight It 
should not be long before the molecule becomes a 
standard in textbooks; indeed construction procedures 
' for fiillerene-GO and giant fullerenes are to be found in 
the educational literature. 

Warning 

The UCLA group has pointed out the importance of 
treating the material with great caution at this time 
when so little is known about it.^ Its ability to catalyze 
the formation of singlet oxygen and its novel chemical 
behavior inevitably suggest the possibility that the 
fullerenes might be carcinogenic Particular care should 
be taken to ensure that the dust is not inhaled during 
preparation of the soot itself. 
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engine 


Dtagrafli of ■ typical AlrMn fu«f syscecni 


is usuaDy sudi'diat all the fud supply va& piiss to the ermines by 
way of the main tank, utikh is reTiOed as m^ce^ry finom the au)c* 
£a^ bnks. In case of emergency, the system sdector vaiue may 
oonnfict the aujdfiaiy tarJcs to the er^gjhe^ fflCMyj^BJ 

■ 

Fugacity A funcdon Eocroduced by G. N. Leu^ to faciliiate 
thfi appUCcktion of thermodynamics to real systems. Thus, 
when fi ^^adtW arft gubcdtutod (or parBol pressures in (lie mass 
adk>n equdibruim constant expresson, whfdi app&es stxict^ 
only to the ideal cttse, a true oa^jiSbthm constant results for 
real systems OS 

The fuoadty of a constituent I of a themtodynanuc system 
is ^lefifndd by the foQowEr^g equation (where jt,is the d>emk:dl 

potenGai and n^k^ incSon of temperature only), in con^Tina- 
fion txnth the requirement that the fix^xity approach The partial 
pressure as the total pressure of the gos phase approoches zera 
Ata ^Mcn temperature, this is possible only toe a perticutar vahje 
for vMch may be shown to Cornispond to the chemical * 
pcter^ the constituent wouki haM as iU pure gas in the ideal 
gas state at l atm pressure. This de&rUtSon makec the Kigadfy 
identical to the partial pressure in the ideal gas For rc^ 
S^tses, the ra&o a fugadty to partial pressL^ 
coefficknt, uaB be doca to ird^ for modearate tempciatures and 
pressures. At kw tenriperatures ard a^]^^ 
be as smaB as 0.2 or ksss. whereas at pressures at ary tem- 
posfiire it can become very larse. See AoMmr frHBRHooyKAMics}; 

Fldlorene A moloade containSr^ an even number of carbon 
^o«ns arranged in a dosed hollow cage. The {iiSerenies u/er« 
^coyorcd &9 a consequence of astrophysjcally^ moiwated 
Acmical phy^ eiqienments that Were interpreted by udng 
fi^desic archiiectural concepts. Fiillerene chenAistrv, ^a'new. 
add Aat appears to hoU much promise for maieiials devetop- 
menl and odier applied area;!, was bom from pure lundamen* 
tal edenoe. Carbon. 

ki 1^5, ^ftccn years after it was oausSved fiifloreticany, 
^mciccute buctaninsterfunercne (CU or fuBcrene^) was 
<^ccv£3pad serencfiKxtous}y« Fu!Ie»ene^(ste iBuEtratiorj 1$ (he. 
^'Aefys>ei member of the fuOerenes, a fiet of boQow, dosed- 
^ge tnoSecules con^sting purely of caiboru The fuDcrencs can 
OGconsIderedL after grapJiitc and dla^ 
deorted aSotrope of carbon. 


In the fullerene moleode an euen number of cavbon atoms 
are arrayed .ov/er the surface of a dosed hoDou; cage Each 
atom b trigonally Gnked to tts tiiree near ndshbors by bonds 
that ddlncatc a polyhedral network, consisting of 12 pen- 
tagons and n heacagons. AO 60 atoms in fu!lerenGr60 are cquii^ 
alent and Be on the surface of a sphere distributed with ^ 
symmetry of a truncate Scosahodron. The 12 pentagons are 
Isolated ar>d ipterspersed symmetrical^ anK>ng 20 Cnked hexa- 
gons; that is, the symnrvetry is tl^t of a modem soccctbaL The 
mol^e was nanried after R. Budoninster Ftiler, the inventor 
of gciodesic domes, which conform to the same urklerlying 
smjctuiai formula. Three of the four valerKre electrons of eadi- 
carbon atom arc Involved in the spl^ agma-bonding skeleton, 
^ahd the fourth p electron Is one of 60 ln^K>K/ed In a pkyocal- 
ized rrxdlocular^rintal electron sea that covers the outside (exo) 
and in^ (endo) surface of the nu^lecule. The renting doud 
of pi elecu-on densi^ is similar to that which coders the surface 
of graphite; indeed, the moleaie can be bordered a round 
form 6f graphite. Sec Electron coHFKjjsmvoti; Owwe. 

FuDerene-60 beliaves its a soft ebdrophile, a nTKfeafle fliat 
readDy accepts dedrons during a primary readton step. It can 
accept tiiree electrons readHy and periiaps even more. The md- 
eaie can be multiply ^v^lfogenatcd, methytoted, ommonaiedT 
and fluodnated. It forms excdi^dral complexes in u^uch an atom 
(or group) is attadied to the outade of the cage, as weQ as erxlo- 
hcdral complexes in which an atom (for example, larithanum 
M, potasdum (K), or cak^um (CaM is trapped inwie 



Slrucfura of C«(buckinlnsteffunerene). 


FtJierme materiub have beeri available for sudi a short tin^ 
ttiat appKcati'ons are yet to be estatfehed. However, the prop* 
erties already discovered suggest tfiat there is Ukdy to b« a 
wide range of areas in whldi the fiJerenes or thdr deri^sfives 
wfflhaveuses. 

-Rilierene^O was discovered as a direct re^.of physico- 
cherrncal inuesGgations that simulated processes occurring in 
stars and in space. Consequentijy the lOceQiood that fiilerepes, 
in partictiar fuiierene-60, and analogs are tment in sp^ 
fasdnatir^g cot^ecture. HWJCJ 


Fullei's earth Any r^itural earthy material (^udi as day 
material^ v/tuch decdortzes nvsneral or vegetaibte <^ to a suffi- 
cient extent to be ^ economic importarice. It l^as no miner- 
alogic dgnlficance. The dz^ minerals present in fuOer's earth 
may include montmorillonite, attapidgile, and kaollnlte. 
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HPLC traces (11.1 minutes) 
CjQ solution in toluene 
crystals 
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Kemruznts of a planet that failed to form. 
Still no technological px for oil spills. 
What made higher life-forms possible? 
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Fullerenes 

These cagelike molecules constitute the third fbrm of pure 
carbon (the other two are diamond and graphite). Ceo* the 
archetype, is the roundest molecule that can possibly exist 

by Robert F. Curl and Richard E. Smalley 


In May of 1990 WoUffans KrAtscb- 
mer sad bU itudfnt Konatandnos 
FortlrcrpouJw carefid^y ndxtd a frw 
dropt ol bcnrcTtf with & spediJly pre- 
pared CKtboxi ftoot. Tht deir so^ent 
turned rtd. ' 

Exdtedly, the two y/arlctii far the 
Max PlajKic Institute for KudeAi Fhy- 
iks in Hddelbers tdephooed their od- 
Uboratori, Daoald HuSoum find Lcnrt^ 
ell Umb of the Uiihtrtlty of Micm 
In Tucson, who quiddy repeated the 
expyciizaent 7h« cxdteznent continued 
u the two KToupi ctmssunlCBted dally 
by tekphaa£ tM fix, exchflnglng mea- 
suremeati of the xnatcrlal—lts Infrared 
wid ultnvlolct tpectra. Its X-ray dlffrac- 
don pittcm snd Its xa&aa rpecoognph. 
Yet, (he values aH znatched ihott pre- 
dicted for the eo-fttnm cubon du£tcr 
budambuteifullcreDC. 

Evtn thoueh SQiDe theorlita hid ar- 
ried thn this hriDnw, BoccerbiH-ihaped 
XDOlecule should be deteoahle In ahim- 
dmce In ludi everyday drcumatancei 
at a CTTirilff flaine, the Cemun'-Amcii- 
c&n teon) had HcruaSy found It, nxcceed- 
Ing where aH othext had failed. They 
Here the flrit to observe XtiiM roundest 
of an round xoolecule^, and tbey biew 
thatdiemktxy boolcs and encycbpedlu 
would never bt quite die same. Now 
there were three known fonna of pure 
carbon: iha nitwork foUds, dfwnohd 
and graphite, and a new clots of dla- 
arte molecule*— the fullerenea. 

When we heard of this brealcthrough 
a few months later in Texai, we cele- 


ROEERT F. CURL tnd ]UCHA3U3 B. 
SUAlIEyoflUcc Untvcndcyhavt coll&b- 
otratrd for the put vcvid reirs In re- 
tesrdi oa carboa md tttntcoDductor 
chutcrt In wpcriocilc bcinu. Curt li a 
pralcxGor In, and cfaalrnun of, the d»- 
parcmesal of rhrmficy. Jbsifiey It the 
Gene and Kosaao Kadccrmu Prof euor 
of Qxanls\rf and a profuaor of phyt* 
let. Ffexr the paat ftvt yun« he hu alto 
aoved u the ehtirmia of tba Rice C^u- 
tun bf Htutt. 


brattd. with chAmpasne all around. For 
although we had to lozne extent been 
acooped, we had been vindicated u 
well Five yeara e&rtler we had had our 
own Birelcal experience. Together with 
our colleague Hardd W. Kxoco of th« 
Unlvenlty of Suaaex and our students 
Joioea R. Heath and Sean C 03zlax we 
. had found that could he zn&de in a 
uniquely atable form simply by Uier* 
vaporizing firaphlle in a pulsed Jet of 
hrltuTn, We had gone on to propoK 
thit this cxtrxordtoaiy itahillty could 
be c3CpUlnfid by a molecular structure 
having the perfect symmetry of a soc- 
cerbxQ. Eecause the erchJteaurai pitch 
dplt also underlies the gc^cslc dome 
invented by the Amadcan engloficr 
and pfaflosophex R, Buckmlnstcr Puller, 
we named It budoninneifullerene, or 
budcyball for short- 

In addition to Cu. wnother molecule, 
Cto. appeared to be quite spedal in 
these early experlmenta. We soon f cxmd 
that the stabOity of Cy^ could be under- 
stood If the molecule had also t^V^n 
the form of a geodesic dome, Ai FuUo 
had pointed out, all luch domca can be 
considered networloi of pentagons and 
hexagons. The IfltlwrenturySwlu math- 
ematician Leonhard Euler calculated 
that any audi object must have precise- 
ly 12 pentagona in order to dose Into 
a spheroid, although the number of 
hexagons can vary widdy. The socce^ 
hall structure of C^^ has 20 hexagons, 
whereu the stmctuie we {noposed for 
C„ has 25, producing a shape renUnla- 
centof anigbybalL 

In fact, we had found that all the 
cven-Dumbered csrbon dusters grcata 
than about 32 atoms tn -aize were re- 
markably stable (althoiigh less so than 
60 or 7Q\ and the evidence soon led us 
m postulate that aU these molecules had 
ta)cen the structure of geodesic domes. 
Again, in honor of Fuller, it aecmed 
fitting to term this entirely new dau of 
molecules the •fuDercnea." 

We later learned that such molecules 
had already been imagined. David £. 
K. Jones, writing tmder the peudosiym 


"DaedaJui" in the Nsw5afnrtrfin l&es, 
had coccdvtd of a niolhxw motecuk" 
made of curkd*up pintle sheets. Oth- 
ers had predicted the itabOlty of Ca, 
from caloUatiana and trfed---unsuc- 
ce*ifully— to synihftilze IL We, bo?w 
er, W7t apparently the flnt to disaw 
that the material csuld fozm spant** 
t^eously in a condensing cirboai vapo7. 

Although tTur evidence was sound 
and our conclusions were supported 
by octenilvc further experiments and 
theoreiia] olaslatians, we could not 
coBea more than a few tens of thou- 
sands of these spedal new molecules;. 
This immmt wu plenty to detect and 
probe vdth the sophisticated technique4 
avallahle in our lahorato^, bat dicre 
was not enough to see, touch or KmeB. 
Our evidence was indirect, awch as it 
U for phyfldsts who swdy antimatter. 
For now, the fuBcrcnes odsted only as 
fleeting signals detected !n cur exotic 
machines. But is chemists, we knew 
that the new material ought to bt per- 
fectly stabk. UnltVg anmnatter, the geo- 
desic f ormj of carbon should be quitt 
safe to hold In ox^'s bare hand. All wt 
had to do wu make more of them— 
bniiona and bflUona mora. 

Thua, for five years, we had been 
seardiing for a metbpd of pro- 
dudng vlslblt amoimti- of the 
stuff. We caDed out efforti "the search 
for iht yellow vial" bec&iue quan- 
tum calrulatlona for auch a socceiball- 
ahap«d czibon molecule sugigested it 
would absorb light scrangly only in tha 
far vloilet part of the spectrum. We 
were not alone. Our tnldal ^socceiball" 


HYPERnnXERENE nRUCTURZ called 
a Rnvdan tgg Is txp*cttd to form mloof 
with mdhiary fiUlertzies la a lasearva* 
poclsed caiboa phccoe. Shown bett is 
tbt most tymmetric rone t C,^ at the 
eoit It cncapstilated by fuHerenes hay- 
lag 340, 540 snd 960 atosu;. This pr»^ 
cea ccuU cositlsuc Indfflitttely to pro- 
duce a naooacepic psxtidt wboM pes- 
titgoas art la ioocabednl alignmenL 


54 SciE?rnnc AxosaCAK Octobtr299J 


\ 

\ 


^ KtLLIVEO la/BZ 19:86 AT 7132291107 PAGE H (PRINTED PAGE 

... *, OCT 02 '91 17:45 r E SMPUZY 713-2855320 


P. 4^11 


propout, publiil)ed ia Voru/r in I96S, 
h&d Qude the quest cru of the bottut 
in cbeoibtiy. 

In Mir Ubontor/ we coDeaed the 
looty carbon produced by ib< vapor- 
IzAtSon Uier H'hile udn£ vulous chemi- 
cal technlquei to dcica the prwnc* 
of Wt shmltd the wot In benzene, 
for oaxnplc end looked for i ytllow 
color. But tb£ lolution in our test tubet 
stayed dear, with boring blick toot tit- 
tlnjT on the bonom, Tht CDmmunlty of 
duster chrmittt r&n suny znore fo- 
pMftlc&ted. &q>ciiments but Achi^d 
no better rtrulL 

Many gave up hope of ever seeing 
the yciow vul They rt&%ODtd that al- 
thou^ the fuUerenes may be itable, tt 
u-Bi too hard to separate them fhnn the 
other aooty material beln^ produced 
In the vaportrarlon cxperimenrt Pei^ 


hapt, the workcra uld wmc dedicated 
chemlit mi^l one day extract a few 
tnicrogramj with lome special solvent, 
but no one scrtouiJy expected to be 
available In bulk anydroe soon. 

In the end* the breakthrough was 
made noi by cbemlsti but by phyiJ- 
cltxz working in a totally different 
area. Huffman, Krltichmer and their 
atudents had be«n engaged for decadej 
in a study of Inrersttllar duit, which 
they acsujncd to coniltt m&lnty of pa^ 
tides of carbon (the mott conmion par- 
nde-fonidn^ tkmcntJ. Tbey therefore 
modeled the phcnoanenon In the labo- 
ratory by vaporizing carbon and con- 
denatag It tn e5 many wayx as possible. 
Opilral tests figured Li most of the 
jiiudlea. fVlrnially ell that li known of 
the Intentellar duit ittraa from ob«r* 


vaflons of how it tbsotbc and tcitiers 
starlight.) 

In 1983 the phyticisu tried evapo- 
rating a ETftphitc rod by resistive heat- 
ing in an atmosphere of k^mmht^ xhty 
noticed that when the helium pres- 
sure wai juji rijht (about a seventh 
of an acmofphcre), the dust strotvr- 
ly absorbed wavelengthi In the far i2- 
travlolet region, creating a peculiar, 
double-humped jpecmim \su botmm 
tUustrarlon on pagi 5Bl Most observ- 
ers would have mUaed the two blips 
on the screen, bur nor Huffman and 
Krtiachmcr: they had smdlcd speort 
of carbon dust for yesrs without en- 
countering such an effect They dubbed 
It their "canoel" Mmplc and wondered 
what It meant. 

Nearly three years latcTr in the late 
fill of iBfiS, Hufflnan read ia Mih^rr of 
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our dlBcovuy of and began to woo- 
dtr tf 1 hoUow soccerball molecuJc 
mlfhibc ihe cause of the double hump. 
. Yet this expUnaiton seemed too good 
to be true, for U required that C„ ac- 
count for ■ algnltlcam ponJoa of the 
sample. Why would so much of the car- 
bom end up In such perfectly symmet- 
ric ctfes? What did the helium do to 
malcc it possible? The Eeemin^ unlDccU- 
ncti of this hypothesis, logether vdth 
some difftoxlty in reproducing the ex- 
periment, led the researchers to put the 
projea on the back bunver. 
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By 1989, however, HufTman and 
Kraipchmtr had become convinced that 
the C„ bypothcjli ought to be reex- 
amined. They renewed their interest In 
the camel sample, readily reproducing 
the rtsuJta of the 1983 expcrlmcnii- 
Thls rime ihelr attention turned to 
.measuring the samplc'i abiorptlon of 
Infrared light— the wavclengthi that In- 
tcraa with the vibrational motion of 
molccuJet— in order to test the remit* 
against iheoreUcal predictions that had 
by. now been made for socccrball 
These predictions held that of the 174 


vlbratlona] modes of ihii putative mol- 
ecule. only 46 would be dlJtlnct, and 
oniy four wcruld appcu In the In/rared 
range. To Ihcir ruipriic, ibcy found the 
camel sample did display four sharp 
Infrared absorpdon lints, uid ihcy vcr^ 
Ifled that the Unca wtre prtKnl only 
In carbon dust produced in the spedal 
cancel way. Thi» finding provided scrlk- 
Ing evidence that m)ght be present 
in abundance. 

Influenced by their baclcground in 
physJcs, the worker* li^tiiliy chose to 
test their hypoihcsl* b)- a rather Irv 
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v*oh-cd route. Thc>* prepared a sampJc 
from pure '^C, a hca^y Isotope of car- 
bon. and verified thar the extra mn^s 
shifted ihe four infrared bands In the 
wav expected for so large a moleaiic 
composed CKclusivcly of carbon. Ulti- 
mately. hov^'eve^. ihey realized that the 
simplest assay followed a basic dJcmm 
or organic chemistry: like dissolves like. 
Shopld their sample dissolve In an aro- 
matic solvent, Buch as benzene, thi* 
would support the predJacd aromaiicl- 
ty of Cctr Because benzene moleculcj 
take the shape of a ring of carbon at- 


oms, would thus be stxn as a kind 
ofKphorical benzene. 

When the Kraischmer-HufTman ^roup 
finally added benzene lo iheir camel 
sample and .«;aw the color rt^d develop, 
they realized they were looking at the 
first cunecninrcd solution of fuUcrcncii 
c\*er scca They cviporstcd the ioUrni 
and found that tiny co'sials remained. 
•*^*hJch rendlly red]SEoi\*ed. These crj s* 
inb could be .sublimed under a \3cu* 
um near -lOO dcRrecs Celsius and con- 
densed on t cold microscope slide io 
form wnooih filnn of .%olid matcrUl*, 


which )Crai.';chmcr and HufTman chris- 
icned "fullerlie." 

In ihln layers these fUms vcrc yel- 
low (a fact that ihose of ui at RJcc Uni* 
Nrrsirj- who scarrht'd for a •yellow vial" 
find highly Rrailf^-lng). AJihou^ it took 
a while to obtain precise numbers, It 
(X now known that carbon dust pre- 
pared in the camel *s-»y produces an 
cviraciable fullcrcnc mixairc made up 
of roughly 75 percent C.<,-tthc soccer- 
ball). :;3 percent C^, (the rugby ball) 
and a crab bajj of larger fullerenet. 
Here ^*as a new form of pura, solid 

i 

SCii>mnc Aut3iicA.s' October j 99 1 57 


OCT 02 '31 17:49 DR R r SMflLLEY 713-2855329 


P. 2^ 


QPUkPHlTS ROD 



WATER-CCOLED 

ROD CO^^•ACT UMHTAlHgO 
BY S;»PUNG-1.0ADEO 
QIUeAL WHEEL 


INSULATORS 


THREADED ROD 
FEED MECHANl&U 


BUFFER GAS 
FEED 


WATER-COOLED 
CURREWT FEEDTHROUCH 


FUI1£R£KE FACTORY malcet macTOscoplc wmplu la a carbon arc Th« arc-« r«- 
flDcmcmt of aa apparatus dcvtbjwd by Wol/gaA^ Krllschjucr and Donald Hu/f- 
man-freej caxtxm aioms that coalesce into cheeu, Inen beUum holdi the iheets 
n€ar iHe ajx long tnou^ for ihem to close In on themselves, farming fuUemiex. 


HEUUU 



FOCUSED 
, — VAPORIZATION 
.LASER 

1 . aROWTH 
CKA/^NEL 


LASER VAPORIZATION 
CLUSTER SOURCE 



DcTECTOR 



ROTATlNa 
CAR SON DISK 


TIMEOF^FUQKT 

MASS 
SPECTROMETER 


cmsTER GENERATOR designed by one of the authors (SmaBcy) produced the first 
evidence, ihai fuflereaes can form from carbon vapor. A pulled tafier vaporiics cai- 
bow a siui of heUum then sweeps the vapor Into a inpertcnic beam whose expan- 
sion cools ihe Btoma, condensing therh. 



ATOIitC WEIGHT 


WAVELENGTH 


CRUCIAL GRAPHS: In 1985 ibe duslw-beain genftnior showed many cvwi-mmi- 
be«d carboD dusicrt, tspedaHy sugge'tlng that lh«tt sp«clci art panlcularty 
slabJe. The bumped ultravlDlel abtoiption ipecinim led KriUchmcr and Huffman 
to dub It the -cwnd- sample: in 1990 ii wb. tbown to coDuSn , nmnaza 
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carbon. It U the onJy purt, finite fona. 
The other twi>. diainond and graphite, 
ETC actually Infinite ncrworic wUdi, !a 
the real wDri4 one usually deali with 
hunJci of rllamond cut out of laijcr bulk 
crystals. Under norma] cotvdinona, the 
turfacu of such a piece are Instantly 
covered Klih hydrogen, which ties up 
the dangling curface bondt. Graphite is 
much the same. So piece of diamond, 
therefore, can ever be truly pure under 
- normal conditions. The fullerenej£» on 
the other hand, need no other Btoms to . 
satisfy their chemJcaJ bonding require- : 
menu on the surface, bi thla Bcnse, the 
fuUtrcncs art the first and only stable' 
forma of pure, finite carbon. 

Once the Kratschmer-Huffman re-" 
suits were announced at a conference 
in Konslanz. Germany. In early Septem- 
ber 19S0, the race was on. The cmdy of ■ 
C„ end the fullercnes had been the 
province of the few sclea groups that' 
had Bome thing Ulce our elaborate and 
expensive laser-vaportzailon chjsier- 
beam apparatus. Now Krauchraer and 
Huffnian had. opened the field to iny- 
onc who could procure a thin rod of 
carbon, a cheap power supply, a bell- 
Jar vacuum chamber arid a few valve* 
and gauges. Everybody could play, 

Within a few roontha^ many 
groups were maldng their own • 
fulltrenct. Phyiidsti, chem- 
ists and materials scientists Lbut began 
an Interdisciplinary feeding frenzy that 
conilnuei to Intensify as Lhh article is 
being written \see. boK on page 62]. The 
key result! have been quickly repro- 
duced In over a dozen laboratories, 
some of which have applied alterna- 
tive procedures of verification u well 
Because fuUcrenes are readily soluble 
and veporizabJe molecules that remain 
stable In air, they ere perfectly x^iited 
to a wide range of techniques. 

One of the roost powerful tech- 
niques— nuclear ma^etic resonance 
(NMR)— has confirmed the single most 
critical aspect of the soccerball struc- 
ture: that all 60 carbon atoms have ex- 
actly' the same relarton to the whole. 
Only. the truncated Icosahedral struc* 
ture we proposed for C^^ arranges the 
atoms so symnienically as to distribute 
the strain of closure equally. Such even 
distribution makes for great strength 
and stability. Indeed, that la why we pro- 
posed the structure In the first place: U 
explains the extraordinary stability of 
the 60-atom spedet. i. 

Because C,o is the most symmetric 
molecule possible to three-dimension- 
al Euclidean space. It is literally the 
roundest of round molecules. Edgclcss, 
chargeless uid unbound, the molecule 
spins freely, as NMR experimenli show, 
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more than 100 milUon rimes a second. 
The KMR experiments also drBmaiical- 
1/ verify that Cj^ has the »hapc of a 
tiny rugby balk at room tempcrBture, U 
epins rapidly about in long wds. nop* 
ping Us frantic motion only below the 
tcrnpcraturt of liquid air. 

High-rc5olu[Ion electron microscopy 
revealed these little carbon balls one at 
a time— as i^redictei they spanned a bit 
more than one nanometer (a billionth of 
a meter). Scanning tunneling microsco- 
py showed that when C^, molecules are 
deposited on a crysitllinc surface, they 
pack as regularly as bDUard balls. X-ray 
diffraction studiet demonstrated d^r-* 
as one would expect— Cg, crystallizes In 
a facc-ceniertd cubic Uitlce, with the 
balls a little more than 10 angstroms 
apart \see llUustrathn on page 621 The 
crystals are as toft a< graphite. Klien 
squeezed to lesa than 70 percent of 
ihcir Initial \'olume, calculatiopj predict 
that they will become even harder than 
diamond. When the pressure is relieved, 
they are obsen'ed to spring back to ihelr 
normal volume. Thrown against steel 
surfaces at speeds sorntwhat greater 
than 1 7,000 miles per hour (about the 
orbital speed of the U.S. space shut- 
iltJ, they are incredibly rcsiL'cnt; ihcy 
Just bounce back. 
We found that the most con\'crucnt 
to generate fuUerenes consists of 
setting up an arc between two graph- 
ite electrodes. We maintained a con- 
5tajii gap by saewing the elccu-odes 
lowaj-d each other as fast as their tips 
ev-aporaied. The process worked best 
when the helium pressure was opti- 
mized and other gases, such as hydro- 
gen and water vapor, were rigorously 
clLtunatcd. Such measures produced 
pelds of dissolvable ftillercnej that 
typically ranged between 10 and 20 
percent of the vaporized carbon. Yields 
as high as 45 percent hfl\*e recently 
been reported. 

The only Irreducible cost appears to 
be that of the electricity needed -to run 
the arc. But even the small bench- lop 
generators we are now using in our lab- 
oraioo" provide cleciridry at a cost ihAt 
amounts to only about five cents per 
gram of C«,. Recently it has been found 
that a sooting Qame (such as :hat 
of a candle) can be used to produce 
substantial yjdds of In the long 
run, this may prove the cheapest w4y 
to make the material When the first 
la^^c-scale applications of fullerenes arc 
found— perhaps in superconductors, 
batteries or microelectronics [see box 
on page W)— the manulacturing cost . 
of C,<, utU probably fall close to that ' 
of aluminum: a few dollars a pound. 
Whui had recently been described as 
the "most controixrsial molecule In the 


Cosmo** u vi%;n on lit way to becomlr\g 
a bulk commodll>'. 

A host of questions arises out of 
this H-onder. What cjocUy li the 
. helium doing? How can such 
a perfectly svTnmctrlc molecule be 
formed with such high efficiency out 
of the chaoj of i carbon arc? And, on 
a more personal level, where did wc go 
wrong? Why did we, and all other cbeitt- 
ists for that matter, fail In the search for 
the yellow vtai? Our lechnltTJe Involved 
helium as well What did the Kratach- 
Huffman team do that made such 
a big difference? 

Wc now believe the answers to these 
questions He In the way carbon vapor 
condenses at high temperatures, linear 
carbon chains appear to link tosether 
to form graphitic sheets, and the sheeti 
anneal u they grow in the hot vapor. 
Finally, stable, ca^clike structures are 
favored by a key concept, which we call 
the pentagon rule. 

Sdentlsti hid long known that when 
carbon Is vaporized, most of Us atoms 
initially coaleicc into dustejs ranging 
from nvo to 1 5 atoms or so. The very 
smallest carbon molcculct w known 
to prefer essentially onc-dlmcnslonal 
geometries. But clusters containing at 
least 10 atoms moji commonly form i 
monocyclic ring— a kind of molecular' 
Hula-Hoop that b eipcclaiiy favored at 
low temperatures. At very high temper- 
atures, the rings break open to form 
units that comprtie as many as 25 car- 
bon atoms, taking the form of linear 
chains. Such chains might be imagined 
to look somcthlnf like writhing snakes 
as they vibrate In the hot vapor. 

It wzs these linear carbon chains that 
initially got us Involved In carbon duA- 
icr studies and led to the discovery of 
Cbo. Our British colleague, Hany Kioto, 
had ihcortzcd that the great abundance 
of such linear carbon chalrj in Inter- 
Btellar space may arise from chemical 
reactions in the outer atmofphcrcs of 
cajbon-rich red giant stars, la the early 
1980s one of us (Smalley) had devel- 
oped 1 supersonic duster-beam device 
for the general study of SLmall dusters 
composed of essentially any dement in 
the periodic table Uee •Microdusler*,' 
by Michad A. Duncan and Dennis H, 
Rouvrny; SciDmnc American, Decenh 
bcr 19891. 

Wc produced dusters by focusing an 
Intense pulsed laser on a solid disk of 
the clement to be studied. The local 
temperature could readily be brought 
above 10,000 degrees hotter ihaa 
the surface of most stars and certainly 
hot enough to vaporize any known ma- 
terial. The resulting vapor was cntrabed 
in a powerful gust of hdlum, a cheral- 


Growth of a Buckyball 
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caUy inert carrier fas, which cooied the 
vapor >o thii- ir could condense into 
small duiim. ih£ carritf z^g cx- 
panxlcd through a nozzle Inio a vaoi- 
xiin. It generated l Bupcrsonlc bcun of 
chiiterj whose sizes could be mcA- 
Eured by & miss spectromticr. 

In 1984 & group at Eocon using i copy 
of xhe dmttr-bcam apparatus dcvel^ 
oped at Rice had b«a the ttrst to itudy 
caibon dustcn ia this fashion. Thtir rt- 
suits strongly suggested that the linear 
caibon chalna Kioto wanted to study 
were in fact being produced in abun- 
dance. In addition, they reported a bl- 
among the larKer clusters: 
the distribution wai itrilcingly lacldng 
in the Bpedes having an odd number 
of aioma. 

The Eocon researchcrt recorded but 
tild not notice that two particular even- 
nxanbered members, Coo C^o. were 
fiomewhkt zpore abundant than their 
neighbors [see bonom iVustrarlon on 
pogB 58], The mysterious even-num- 
bered distribution of chisters was tepa- 
rated from the small linear-chain distri- 
bution by what appeared to be some- 
thing of a forbidden zone— a region of 
chuters between tou^y 25 md 35 at- 
oms in silt in which few 1/ any dutatert 
could be deteaed. 

The even-numbered dlstribuUon 
v.*as soon discovered to result 
from the fuDerenca. in one of our 
many irudies of Kroto's liiicir carbon 
chains, we reproduced tijc Exxon re- 
sults but found something quite strlk* 
tn? about U« dumbutlon of large, 
cven-numbcrcd dusters. Heath. Kroto 
and 0*Brten noticed that the 60lh clus- 
ter seemed fi\t times more tbundani 
than any other even-numbered dus- 
ter In the range between 50 and 70 at- 
oms. This dlTfcrcntlal was dramatically 
greater than anything that had been 
seen before. 

After much discussion,' Heath and 
O'Brien spent the next weekend play- 
ing with ihe condlUona Us the laser-va- 
porlzaUon machine's supersonic noz- 
zle. By Monday morning they had man- 
aged to find condldons in which Cm 
stood out In the cluster distribution 
like a flagpole. By the next moniing we 
had had our Eurelcal experience, and 
we were playing with every sort of soo- 
ccrball we could get our hands on. 

We found that we could escplain the 
domlnaiKre of the cven-rrumbered dus- 
ters by assuming they had all taken the 
airucTure of hollow, geodetic domes. 
They were aU fuDercnes. We could also 
sx^e that some fuilerenes were mora 
tbiindant than othcn b«cxutt of tbt 
smoothnejt of the dustcrf* surface and 
the natural srouplng of pcataxons. 


i. 


Pentagons provided an Important 
due. Although hundreds of examples 
are known In chenalstry of fivt-roem- 
bered linss acuched to slx-membered 
rinsx In stsble aico&tlc compounds (for 
example, the nudeic adds adenine and 
guanine), only i few occur whose two 
fivc-membered lingt ihare tn edge 
Inttrestlngtyt the smallest fuUercne In 
which pentagons need tut share cn 
edge is C„; ihe next is C^ Although 
Crj BAd alTlarsrer fuilerenes can earlly 
sdopt struccurti tn which the five* 
memhered rings art well separated, 
one finds -that these pentagons tn the 
larger fL;iJlcrenes occupy i trained poii- 
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tions. This vulnerability nmw>^j the ca> 
bon atoms at such sites pariiculariy 
susceiptlble to chemical attack. 

The big question, however, wu riOt 
wby fuilerenes wert stahlt but rather 
how they formed 50 readily tn Lucr-v»- 
porlzed grtphlte. Near the end of 1985, 
we siiggestid that ths process btgan 
with linear chains, Ai th« carbon vapor 
began ro condense, the linear ch^ii 
would grow long enough to flip back 
on thenu elves to form lar^c mbxiocy* 
die Hula-Hoops. As the growth contlfr 
ued. the chalnj would also fold Into 
more effectively connected polycyrilc 
network structures. 'Because graphite, 
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COU?ll OF C„ depends on its fann. This ycDow fUm was sublimed onto a slus 
window that had been boiled to a vtcoum oven. The benzene sohitloo is magenta- 
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ihe most liable known form of carbon, 
has Its atoms bound la infinilc hexago- 
imI Bhecis, we suspected that the poly- 
cyclic necworic duiicrt reieinbltd piec- 
es of such aheeti. We expected It to 
look like a fragmcai of chicken Hire. 
Uke a cutout leolon of chicken wire. 


Uiete gnphlUc iheeti wadd hivt many 
iWiln« bondi, making them chcmJ- 
cally reactive— much more so than the 
Bmallcr Uiieir chalni, which have oajy 
TWO such bonds, oni on each end. The 
sheets, ihertfort, wouJd not be expect- 
ed to be ftbuadiQt in the duster beams. 


Ahnoat as aoon aa they fomu they react 
with other small carbon molecules and 
£row too lirse to be bccil thla, we be- 
hcvi, ocpklna v*y there la a forbidden 
zone bf tween the Email Unearchain dis- 
tribution and the fint gmaq fuUertaes. 
Chcmiats in condJdoped to tht^y ^ 


FuDerene Bectronlcs 


CorreniV th« moit t»chnoIogIcaI»y Inter^ptino prop- 
ertles of bulk C„ are electronic In varioui com- 
tor a J^x 5''"'^ funoJonj as an Insulator, a tonduc- 

* superconductor. 

S Lb * "entered cublc latUct. 

calculations over the past few months have predicted that 
this new maierial is a direct band-pap semiconductor like 
gallium arsenide. All its units stand precisely at ih«lr posts 
in a crystalline structure. But unlike the elements of oalli- 
T[!I/Hf^".I5*' byckyballs spin freely and at random. 
This disorder glv« them a certain rtiemblance to amor- 
phous slhcor>-a constituent of Inexpensive solar cells. Th« 
peculiar disorder wUhin order of bulk C„ has yet to bt ful- 
^ explored, but It is expected to produce a wholV new 
kind of semiconduaor: 

Early In } 991 researchers ftt ATiT Bell Laboraior<ej dis- 
covered that they could mix. or dope, with potassium 
to produce a new metallic phase— a TiucUde" sail. Jt 
reaches Its maximum electrical conductivity when thert 
are three potassium atoms to each buckyball. If too much 
potassium Is added, however, the material becomes Insu* 
. laUng. Subjcqueni work has shown that K.C,. Is a stable 
metallic crystal consisting of a face-centered cubic struc- 
ture of buckyballs. with potassium Ions ftlling the cavities 
between 'Jie bails. Potassium buckldc Is the first complete- 
ly three-dlmenstonal molecular metal. 

The Bell t-abi team further discovered that thU K.Cl. met- 
al becomes a superconductor when cooled below IB kel- 
vins. Whtn rubidium Is substituted for the potassium the 
critical temperature for superconductivity was found to be 
near 30 kehrtns. (Recently workers at Alllcd-Slffnal, Inc., de- 
tected superconduaMty ac 43 kelvlns for rubidlum-thalll- 
um-doped material.) Qrcful work at the University of trail* 
tornl* at Los Anpeles has shown that the superconducting 
Phase IS stable and readily annealed-^mperfeatons can be 
snioothed away by heating and cooling^ 

The rnaiertal can therefore be manufactured as a three- 
crimen$ion*l . superconductor, making it a candidate for 
nl^il f wires. Early estimates of mag- 

rn^An^rf °^"/;^"^«erlstIc$ Indicate that these super- 
conducting bucklde salts are similar to the hlgh-iamptra- 
ture suparconducttng ceramics made of yttrium, barium 
ana copper oxide. 

tha?hr."hr^.'^M "i':? Unlv«rilty of MInnesoU has shown 
that high V onJered C„ films can readiV be grown on cryi- 

mik» tK^«Y*^"- " ™» »ltribuif 

makes the film c sutuible material for microelectronic fibrt- 

«n Mi^K "^^"l^ ^^^^ supertooduaor 

f/r. K^L "'^5*'j"' micrograph at righi], and the Inter- 

h« h^.^f /.^V ='>'^f^»'« the K,C„ maitrtaJ 

has been found to be stable. It may thus lend ii?tlf to tha 
production of intricately layered microelectronic devices. 

in order for the semiconducting properties of fuDerene 
materials to be thoroughly exploited, scientists netd to 


1 "^"^f »e!ecitvtly to mak< n-typt and 

^■^h" "^^^^^ ^^^t"'"* *nd holes. 

respectlveV. Such doping may Involv* putUng a dopant 

T^Vl i' k ''"^^ the cage animd 

bv hnitw^ . ^^^*^^"^ "^rbon walls 

hl.n7nf IVi J-"^^ ^i^'"** " hive already 

ly that hydrogen and lithium are InserubU as weP. 

The versatility of bulk C^^seems to grow week by week. 
ui,^K,?*i n wimple, there Is a report sucgest- 

that fullertm complexes exhibit ferromagnetic quaJ- 

^iV^.nVr^.'t'^'i' "nP^relleled phenome- 
non. Alio, wush workers from the un^^criides of Ufcester, 
Southampton and Sussex have Just reported tha generi- 
b^^t°/r'"t'T TK^'^ quifiUtles of fully fiuorinated bocky- 
u * i^ru'l'* f"wWng -tenon balls' may be amono 
the wortd^ best lubricants. We do not know what the ful- 

traits will allow, but It would be sur- 
prising If the posslbUIdtfi are not wonderful 
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SUPERCO>roi>CnNC EUILEJUDE form, when buckybaUs 
«e with pouirium ta the ratio of {dU^^ 
PjXKiucla, a crista) thu c« b* nown Dal 
hide iub.umte Ucannmtf tunru^tng mkngrap^T^ 
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C„: Buckminsterfullerene 

H. W. Kroto', J. R. Heath, S. C O^Brieiu R. F. Curl 
& R. £. Smklley 

Rice 0««ni«™ Insihuic and Dcpanments of rbemisiry «nd Elcancal 
Enginecnns. RiCe Untvcrsii). Housion. T-.|( 7725». CSA 


Dunne cxpcrimcots aimed ■( onderstmodinE the mechaokras by 
which lonB-chaio carbon roaleciites tre formed in inlerelclUr tp»ct 
and drcumstettar shells', graphite has been vaporized by laser 
irradiation, produdnR a reiharltably stable daster coosisling of 
60 carboB atoms. CoBcerninj the question of »rhat kind of 60- 
carboti atom structure might give rise to a fuperstable species, we 
suggest a truncated icosahedron, a polj-gon with 60 vertices and 
32 faces, 12 of which arc pentagonal tod 20 hexagonal. This object 
is commonly eocounlered as the football shown in Rg. I. Tl»e C« 
molecule which results when a carbon atom is placed at each vertex 
of thb structure has all rmleoces satisfied by two single bonds and 
one double bond, has many resonance slnictures, and appears to 
be aromatic 

The technique used to produce and delect this unusual 
tnolcculc involves ihc vaporifaiion of carboir spcdcs from ihc 
surface of a solid disk of graphite imo a high-dcnsiiy helium 
flow, using a focused pulsed laser. Thc.vaporiration laser was 
the second harmonic of Q-swLiched NdLYAG producing pulse 
energies of - JO mJ. The resulting carbon clusicrs were cxp^i>dcd 
in a supersonic molecular beam, phoioionized using an cxcimer 
laser, and detected by time-of-flighl mass spectrometry. The 
vaporization chamber is shown in Rg. 2. In the experiment the 
puked valve was opened first and then the vaporization laser 
was fired after a prcdsely controlled delay. Carbon spcdes were 
vaporized into the htlium stream, cooled and parxially equili- 
brated in the expansion, and travelled in the resulting molecular 
beam to the ionization region. The clusten were iomipd by 
direct one -photon excitation wiih a carefully synchronized 
cxdrocr laser pulse. The apparatus has been fully described 
previously^"-. 

The vaporization of carbon has been studied previously m a 
very similar apparatus*. In that work dusters of uplo 190 carbon 
atoms were observed and h was noted thai for clusters of more 
than 40 atoms, only those containing an even number of atoms 
were observed." In the mass speora displayed in rcf. 6, the C«» 
peak is the largest for cluster sizes of >40 atoms, but it is not 
.completely dominant. We have recently re-examined this system 
and found that under cenain clustering conditions the C« peak 
can be made about 40 times larger than neighbouring clusters. 

Figure 3 shows a series of duster distributions resulting from 
variations in the vaporization conditions evolving from a duster, 
distribution similar to that observed in ref. 3. to one in which 
Cto « totally dominanL In Fig. U, where ihe firing of ihevaporiz- 
ation laser was delayed uniil most of the He pulse had passed, 
a roughly gaussian distribution of large, even-numbered dusters 
with J8-I20 atoms resulted. The C«, peak was largest but not 
dominanL In Rg. 36. the vaporization laser was fired at the time 
of maximum hdium density: the C« peak grew into a feature 
peril a ps five limes stronger than its neighboun. with the excep- 
tion of Cw In the conditions were similar to those in 
ng.36 bul in addition the integrating cup depicted in Rg.2 
was added to increase the time between vapori^zation and 
expansion. The resulting cluster distribution is completely domi- 
nated by C». in fad more than 50% of the total large duster 
abundance is accounted for by Cto', the peak has diminished 
in -relative intensity compared with Cioi'tut -remains rather 
prominent, accounting for -5% of the large cluster population. 
' Our rationalization of these results is that in the laser vaporiz- 
ation. fragrAcnts arc lorn from the surface as pieces of the planar 

* Tiimmtrnm addma: SctMot at Cbcmmry MolcnUi Sncmen. UmvctuI} «r S«nn. 
BrifhicM BSl «OJ. UX 
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scams of ttich a ball by *- 
carbon atom. 


eraphile fused six-mcmbcrcd ring siruaurc. Wc believe that the 
distribution in Rg. 3f is fairly representative of the nascent 
distribution of larger ring fragments. N^'ben these hot ring dusters 
are left in contad with high-density hdium. the dustcn equili- 
brate by two- and three -body collisions towards the most stable 
spedcs, which appears to be a unique dusicr containing 60 
atoms. 

When one thinks in terms of the many fused-ring isomers 
with unsatisfied valences at the edges that wpuld naturally arise 
from a graphite fragmeniaiion, this result seems impossible: 
there is not much to choose between such isomers in terms of 
stability. If one tries to shift to a Ictrahcdral diamond structure, 
the entire surface of the duster will be covered with unsatisfied 
valences. Thus a search »-as made for some other plausible 
structure which would satisfy all sp" valences. Only a spheroidal 
stnjtlurc appears likely to satisfy this criterion, and thus Buck- 
minster Fuller's studies were consulted (see, for example, rcf. 
7). An unusually beautiful (and probably unique) choice is the 
truncated icosahedron depiacd in Rg. I. As mentioned above, 
all valences are satisfied with this siruaurc. and the molecule 
appears to br aromatic. The structure has the symmetry of the 
icosahcdral group. The inner and outer surfaces, are c6\-ered 
with a sea of v electrons. The diameter of this C«, molecule is 
-7 A, providing an inner cavity which appears to be capable 
of holding a variety of atoms'. 

. Assuming that our somewhat speculative sinirture is correct, 
ibcrc are a number of imponanl ramifications arising from the 
existence of such a species. Because of its stability when formed 
under the most violent conditions. It may be widely distributed 
in the Universe. For example, il may be a major consiiiuem of 
drcumslellar shells with high carbon conieni. It is a feasible 
constituent of interstellar dust and a possible major site for 



Fig. 2 Schematic diaetim of the puljcd supersonic noaJe uitd 
io generate carbon cluster beams. Ttit iniegraiJnK cup can be 
removed at the indicated line. The \aporization laser beam (30- 
40mJ ai 532 nm in a 5-n\ pulwl is focused ihroueh the noiik. 
sinking a graphite disk •■hich n rotated slowly lo produce i smooih 
vaporiiaiion surface. The pulsed nozile passes bigh.dcnsity helium 
over this vaporizaticm lont. This helium carrier gas provides the 
thcrtnalidng collisions hecesMfy lo cool, read and clutter -the 
species in the vaporized fraphiie plasma, and ihe wind ncccssarv 
to carry the duster produas through the remainder of- the r»o2zle. 
Free eipansion of ihis clusier-laden fas ai the end of the noizte 
foims I superwftic beam » hich is probed 1.3 m downstream with 
■ lifnc-oT-fliiiht mass tpectn>meier. 
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Fix. 3 Timc-oNfitght mus spcdra or nrbon dusicn prepared by 
lucr vaporiution of gnphlie and cooled in a supcmnic beam. 
Ionization was cOeacd by direct one-photon cxdution with an 
AiF exdmcr laser (6.4 cV, 1 mJ cm"*). The Ihree ipecua shown 
differ in chc extent of helium caUisions occurring in the supenooic 
nozzle. In c, the effective helium density over the graphite target- 
was less than 10 torr — the observed duster distribution here is 
believed to be due simply to pieces of the graphite sheet e,}cdcd 
to the primary vaponzation process. The spconim in b was 
obtained When roughly 760 toir helium was present over [be 
' graphhe Urgcl at the time or laser vaporizatinh. Th.c enhancement 
of C« and Cto is believed to be due to fax.phasc reattions at these 
higher clustering conditions. The spectnim in a was obtained by 
maximizing these duster thcnnalization and duster-duster reac- 
tions in the 'integration cup' shown in Fig. 2. The concentntion 
of duster spcdcs in the espedally sUble Conn ti the prime 
ezpenmcnul observation of this study. 


surface -catalysed chemical processes which lead to the forma- 
tion of inicrstcHar molecules. Even more speculatively. Cm 
or a derrvativc might be ihc carrier of the diffuse intcr^icUar 
lines'. 

If a large -scale synthetic route to this Co spcdes can be round, 
the chemical and praaical value of the substance may prove 
extremely high. One can readily conceive of C« derivatives of 
many lunds—sucb as C^c transition mclaj compounds, for 
example, CaoFc or halogenaled species like C»oFao which might 
' be a super-tnbricanL Wc also have evidence that an atom (such 
as lanthanum' and oxygen*) can. be placed in the interior, 
producing molecules which may exhibit unusual properties. For 
example, the chemical shift in the NMR of the central atom 
should be remarkable because of the ring ctirrents. If sUble in 
macroscopic, condensed phases, this C*© spcdes would provide 
a topologicahy novel aromatic nudeus for new branches of 
organic and inorganic chemistry. Rnally. this cspcdally stable 
and symmetrical carbon structure provides a possible catalyst 
and/or intermediate to be considered in modelling prcbiotic 
chemistry. 

We are disturbed at the number of letters and syllables in the 
rather fandful but highly appropriate name wc have chosen in 
the title to refer to this Cu spedcs. For such a unique and 
centrally important molecular structure, a more condsc name 
would be useful. A number of alternatives come to mind (for 
example, ballene, spherene, socccrcne, carbosoccer). but we 
prefer to let this issue of nomcndature be settled by consensus. 

Wc thank Frank TitteU Y. Uu and Q. Zhang for helpful 
discussions, encouragement and technical support. This research 
was supported by the Anoy Research Office and the Robert A. 
Welch Foundation, and used a laser and molecular beam 
apparatus- supported by 4he NSF and the US Department of 
Energy. H.W.K- adcnowledges Uavd support provided by 
iSERC. UK. J.R.H. and S.CO'B. arc Robert A. Welch Predoc- 
toral Fellows. 
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Press Release: The 1996 Nobel Prize in Cheniistry - 

KUNGL. VETENSKAPSAKADEMIEN 
THE ROYAL SWEDISH ACADEMY OF SCIENCES 

* 

9 October 1996 ' ' / - ■ 

• * 

The Roval Swedish Academy of Sciences has decided to award the 1996 Nobel Prize in Chemistry to 

• ^ ■ * 

Professor Robert F. Curl, Jr., Rice University, Houston, USA, 
Professor Sir Harold W. Kxoto, University of Sussex, Brixton, VJL, and 
Professor Richard E. Smalley, Rice University, Houston, USA, 

for their discovery of fullerenes. 


Note: This document is made for Netscape 2,0 or later, and some pf the chemical formulas might not appear as mtendcd using 

* 

odicr browsers. '*•■.'..* 


The discovery of carbon atoms bound in the form of a ball is rewarded 

. - . ... ' • . 

New forms of the elenient carbon - called.fullerenes - in which the atoms are arranged in closed shells 
was discovered in 1985 by Robert F. Curl, Harold W. Kroto and Richard E. Smalley. The number of 
carbon atoms in the shell can vary, and for this reason numerous new carbon structures have become 
known. Formerly, six crystalline forms of the element carbon were known, namely two kinds of graphite, 
two kinds of diamond, chaoit and carbon(VI). The latter two were discovered in 1968 and 1972. 

FuUerenes are formed when va]p.orised carbon condenses in an atmosphere of inert gas. The gaseous 
' carbon is obtained e.g. by directihg an intense pulse of laser light at a carbon surface. The released carbon 
atoms are mixed with a stream of helium gas and combine to form clusters of some few up to hundreds 
of atoms. The gas is then led into a vacuum chamber where it expands and is cooled to some degrees . 
above absolute zero. The carbon clusters can then be analysed with mass spectrometry. 

Curi, Kroto and Smalley performed this experiment together with graduate students J.R.' Heath and S.C. 
OBrien during a period of eleven days in 1985, By fine-tuning the e;q)eriment they were able in particular 
to produce clusters with 60 carbon atoms- and clusters with 70. Clusters of 60 carbon atoms, C^, were the 

most abundant They found high stability in Cg^, which suggested a molecular structure of great 

symmetry. It was suggested that C^p could be a "truncated- icosahedron cage", a polyhedron with' 20 

hexagonal (6-angied) surfaces and 12 pentagonal (5-angled) surfaces. The pattern of a European foofeall 
has exactly this structure, as does the geodetic. dome designed by the American architect R. Buckminster 
Fuller for the 1967 Montreal World ExhibitioiL The r-esearchers named die newly-discovered structure 

♦ * 

buckminsterfidlerene after hiin. 
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The discovery of the unique structsire of ±e Cg^ was published in the journal Nature and had a mixed 

reception - both criticism and enthusiastic acceptance. No physicist or chemist had expected that carbon 
would be found in such a symmetrical form other than those akeady known. Continuing their work 
during 1985-90, Curl, Kroto and Smalley obtained further evidence that the proposed structure ou^t to 
be correct Among other things they succeeded in identifying carbon clusters that enclosed one or more 
metal atoms. In 1 990 physicists W. Kratschmer and D.R. Huf£nan for the first time produced isolable 
quantities of C^^ by .causing an arc between two graphite rods to bum in a helium atmosphere and 

. extracting the carbon condensate so formed using an organic solvent They obtained a mixture of and 

C^Q, the structures of which could be determined. Hds confirmed the correctness of the Cg^ hypothesis. 

The way w:as thus open for studyiDg the chemical properties of and other carbon clusters such as C^, 

C^g, and Cg^, New substances were produced from these compounds, with new and unexpected 

properties. An entirely new branch of chemistry developed, with consequences in such diversfc areas as 
astrochemistry, superconductivity and materials chemistry/physics. 

Background , • 

Many widely diverse research areas coincide in the discovery of the fiillerenes. Harold W. ICroto was at 
the time active in.microwav-e spectroscopy, a science which thanks to the growth of radioastronqmy can 
be used for analysing gas in space, both in stellar atmospheres and in interstellar gas clouds. Kroto was 
particularly interested in carbon-rich giant stars. He had discovered and investigated spectrum Unes in 
their atmospheres and foimd that they could be ascribed to a kind of long-chained molecule of only 
carbon and nitrogen, termed cyanopolyynes. The same sort of molecules is also found in interstellar gas 
clouds. Kroto's idea was that these carbon compounds had been formed in stellar atmospheres, not in ■ 
clouds. He now wished to study the formation of these long-chain molecules more closely. 

He got in touch with Richard E. Smalley, whose research was in cluster chemistry, an important part of 
chemical physics. A cluster is an aggregate of atoms or molecules, something in between microscopic 
particles and macroscopic particles. Smalley had designed arid built a special laser-supersonic cluster, . .- 
beam apparatus able to vaporise almost any known material into a plasma of atoms and study the design 
and' distribution of the clusters. His paramount interest was clusters of metal atoms, e.g. metals included ■ 
in semiconductors, and he often performed these investigations together with Robert F. Curl, whose 
background was in microwave and infra-red spectroscopy. 

Atoms form "clusters 

When atoms in a gas phase condense to form clusters, a series is formed where the size of the -clusters 
varies from a few atoms to many hundreds. There are normally two size maxima visible ki the 
distribution curve, one around sriiall clusters and one around large. It is often found that cer-tain cluster 
sizes may dominate, and the number of atoms in these is termed a "magic number", a term borrowed 
from nuclear physics. These dominant cluster sizes were assumed to hav? some special property such as 
high symmetry. 

r 

Fruitful contact 

. ■ Through his acquaintanceship with Robert Curl, Kroto learned that it should be possible to use SmaUe/s 
. instrument to study the vaporisation and cluster formation of carbon, which mi^t afford him evidence 
that the long-carbon-chain compounds could have been formed in the hot parts of stellar atmospheres. - 
Curl cdnveyed this inter-est to Smalley and the result was that on 1 September 1985 Kroto Arrived m 
Smalle/s laboratory to start, together, with Curl and Smalley, the experiments on carbon vaporisation. In 
the course of the .work it proved possible to influence drastically the size distribution of the carbon 
clusters where," predominantly, 60 appeared as a magic number but also 70 (Fig, 1). Hie research ^up 
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now got something else to thmV about Instead of long carbon chains, the idea arose that the cliister 

could have the structure of a tnmcated (cut ofi) icosahedron (Fig: 2) since its great stability was assumed 
to correspond to a closed shell with a highly symmetrical structure. C^q was given a fanciftd name, 

buckminsterfiiUerene, after the American architect R- Buckminster Fuller, inventor of the geodesic dome. 
.This hectic period ended on- 12 September with the despatch of a manuscript entitled 

Buckminsterfidlerene to Nature. The journal received it on 13 September and publish^ the article on 14 
November 1985.' ... 

Sensational news 

For cheroists the proposed structure was uniquely beautiful and satisfying. It corresponds to an aromatic, 
three-dimensional system in which single and double bonds alternated, and was thus of great theoretical 
significance. Here, moreover, was an entirely new example from a different research tradition with roots 
in organic chemistry: producing highly symmetrical molecules so as to study iheir properties. The 
Platonic bodies have often served as patterns, and hydrocarbons had already been synthesised as 
tetrahedral, cubic or dodecahedral (12-sided) structures. 


■ Carbon atoms per cluster ' . 

* * 

Kg. -I 

Using mass spectroscopy it was found that the size • ' 

distribution of carbon clusters could be drastically 

affected by increasing the degree of chemical Fig. 2 • 

"boiling" in the inlet nozzle to the vacuum chamber. Models of the structures of C^^. (Acc. Chem. Res., 
Ousters with 60 and 70 carbon atoms could be Vol. 25. Ko. 3, 1992) 
produced. (Acc. Chem. Res., Vol. 25, No. 3, 1992) . 
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Fur&er iavestigations 

To gain further clarity Curl, Kroto and Small6y continued their investigations ofC^. They attempted to 
make it react with other compoimds. Gases ,such' as hydrogen, nitrous oxide, carbon monoxide, sulphur 
dioxide, oxygen or ammonia were injected into the gas stream, but no effect on the peak recorded in 
the mass spectrometer could be demonstrated This showed that Cg^ was a slow-reacting compound It 
also turned out that all carbon clusters with an even number of carbon atoms from 40-80 (the interval that 
could be studied) reacted equallyslowly. Analogously with all these should then correspond to 
entirely closed structures, resenibling cages. This was in agreement with Euler's law, a mathematical . 
proposition which states that for any polygon with n edges, where n is an even number greater than 22; at 
lea^t one polyhedron can be constructed with 12 pentagons and (n-20)/2 hexagons, which, in simple 
terms, states that it is possible with*12 pentagons and with none or more than one hexagon to construct a 
polyhedron. For large n many different closed structures can- occur, thus also for Q^, and it was 
presumably the beautiful symmetry ofthe proposed structure that gave it the preference: 

The combination of chemical inertia in clusters with even numbers of carbon atoms and the possibility 
that all these could possess closed structures in accordance with Euler's law, led to the proposal that all * 
these carbon clusters should have closed structures. They were given the name Mlercnes and conceivably 
an almost infinite number of fiillerenes could exist The element carbon had thus assumed an almost 
infinite nimiber of different structures. 

C„ and metals 

New-experiments were .rapidly devised to test the hypothesis. Since the structure is hollow, with 
room for one'or more pther atoms, attempts were made to enclose a metal atom. A graphite sheet was 
soaked with a solution of a metal salt (lanthanum chloride, LaCl^) and subjected to 
vaporisation-condensation experiments. Masspectroscopic analysis of the clusters formed showed the 
presence of C^^^*. These proved to be.photoresistant, Le. irradiation with intense laser light did not 
remove the metal atoms. This reinforced the idea that metal atoms were captured inside the cage • 
structure. ^ - 

The possibility of producing clusters wi& a metal atom -enclosed gave rise to what was termed the 
"shrink-wrapping" experiment. Ions of one and the same size or at least similar sizes were gathered in a 
magnetic trap and subjected to a laser pulse. It thai turned out that the laser beam caused the caibon cage . 
'■ to shrink by 2 carbon atoms at .a tinie: at a certain cage size, when the pressure on the metal atom inside 


became too great, the fragmentatioa ceased. The shell had then shnmk so that it fitted exactly around the . 
metal atom. For C^Cs"" this size was at C^gCs*, for C^K^ it was at CJ^* and for C^q* at Cj^", 

Further strong evidence gave rise to new chemistry 

At the end of the 1980s, strong evidence was available that the hypothesis was correct In 1990 the 

syndesis of macroscopic quantities of through carbon arc vaporisation between two graphite 

electrodes permitted the attainmrat of fiill certainty - the whole battery of mediods for structure 
determination could be applied to and other fuUerenes and completely confirmed the fiiUerene 

hypothesis. As opposed to the other forms of carbon the fuUerenes represent weU-defJned chemical 
compounds with in some respects new properties. A whole new chemistry has developed to manipulate 
the ftdlerene structure, and the properties of fiiUerenes can be studied systematicaUy. It is possible to • 
produce superconducting salts of C^q, new three-dimensional polymers, new catalysts, new materials and 

electrical and optical properties, sensors, . and so on. In addition, it has been possible to produce thin tubes 
with closed eiids, nanotubes, arranged in the same way as fullerenesl From a theoretical viewpoint, the 
discovery of the fiiUerenes has influenced .our conception of such- widely separated scientific problems as 
the galactic carbon cycle and classical aromaticity, a keystone of theoretical chemistry. No practicaUy 
useful applicatioris have yet been prodticed, but this is not to be expected as early as six years after 
macroscopic quantities of fuUerenes became available. . 
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